Single-molecule magnets and magnetic refrigerants from polynuclear manganese complexes and tripodal ligands by Manoli, Maria
Single-Molecule Magnets and Magnetic 
Refrigerants from Polynuclear Manganese 
Complexes and Tripodal Ligands 
Maria Manoli 
A Thesis Submitted for the degree of 
Doctor of Philosophy 




School of Chemistry 
Faculty of Science and Engineering 




We have investigated the coordination chemistry of the tripodal alcohols 
1­13 thme, H3tmp, H3tea, Br-mpH 3 , H4peol and their analogues aepH2 and ampH 2 , with 
a particular focus on Manganese. In combination with other bridging/chelating 
ligands such as carboxylates or 3-diketonates a plethora of polymetallic clusters 
whose topologies are based on shared triangular [Mn3] units have been synthesized. 
In total twenty-five new complexes are reported. These are: a family of seven "rod-
like" structures (1-7): {Mn 6(OAc) 6(H2tea) 2(tmp)2] (1), [Mn6(OAc)6(H2tea)2 (thrne) 2 ] 
(2), [Mn6(OAc)6(H2tea)2(Hpeol) 2] (3), [Mn6(acac) 4(OAc)2(Htmp)2(aep)2] (4), 
[Mn6(OAc) 8(tmp)2(py)4] (5), [Mn6(OAc) 8(thme) 2(py)4] (6), 
[Mnl2(Hthme)8(thme)2(PY)2Br8l (7); a family of "wheel-like" structures (8-10): 
[Mn 1 602(OMe) 1 2(tmp) 8(OAc), ol (8), [Mn 2206(OMe) 14 (OAc) 1  6(tmp) 8(HIm)2] (9), 
[Mn2206(OMe) 1 4(OAc) 1 6(Br-mp) 8(HIm)2] (10); two supertedrahedra (11-12): 
1 o04Br4(amp)6(ampH2)3(HampH 2)] Br3 (11), 
[Mn 1 004(OH) 1 812.2(amp) 6(ampH2 )(HampH 2 )3 ]1 5 (12); a family of deca- and 
tetradecametallic "planar-discs" (13-15): i o(OH)6(amp)4(ampH)41 4(EtOH)4J14 
(13), 	 [Mn i o(OH)6(aep)4(aepH)4 14(EtOH)4 114 	 (14), 
[Mn 1 4(OH)2(Hpeol)4(H2peol)614(EtOH)o ] 14 	(15); 	octahedral 	polymers: 
Na [Mn60(OAc)6(Br-mp) 4(MeOH)4] (16), Na3 [Mn60(OAc) 5 (tmp)4(N3)(H20) 2 ] (17); 
edge-sharing 	bioctahedra: 	[Mn ioO2Br4(thme) 6(MeOH)4 ] 	 (18), 
[Mnl202(PiV)10(tMP)4(MeO)2(MeOH)21 	 (19), 
[Mnj 202(piv)I o(thme)4(MeO) 2(MeOH)2 ] 	 (20), 
1 202(OAc) 1 o(Hpeol)4(MeO)2(H20)4 1 (21), 
[Mnl202(OAC)lo(thme)4(MeO)2(H20)41 (22), 	202(OAc) 1 o(tmp)4(MeO)2(H20)4 ] 
(23), Mn22 2 21o(Hpeol)4(MeO)2(H20)2] (24), 
[Mn 1202(02CCPh2)io(Hpeol)4(OH)2(H20)2] (25); and a bioctahedral polymer: 
Na[Mn 1 202(OAc)ij(Hpeol)4(MeO)(OH)(H20)3] (26). Studies of the magnetic 
properties of 1-10 and 16-25 show that 5, 6, 8-10 and 19-26 are single molecule 
magnets, whilst complexes 11-15 display an enhanced magnetocaloric effect (MCE) 
and have great potential as efficient magnetic refrigerants in low temperature 
applications. 
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Chapter 1 
Introduction 
This thesis describes the strategies for the synthesis of polynuclear 
manganese complexes and is particularly focused on their magnetic properties. The 
majority of these complexes reported herein have two potential applications: a) as 
Single Molecule Magnets (SMMs) and b) as low temperature magnetic refrigerants. 
An introduction to the importance and relevance of manganese clusters is 
described including the phenomenon of single-molecule magnetism and the 
magnetocaloric effect. In addition, the strategies used for the synthesis of these 
complexes - the use of tripodal alcohol ligands - are described. 
Manganese Clusters 
Recent years have witnessed enormous research activity in the field of 
manganese cluster chemistry, partly because of their relevance to the Mn complex at 
the water oxidation centre of photosystem II, and partly because some of them 
behave as nanoscale magnets. 
The specific design and synthesis of tetranuclear Mn clusters, although of 
interest from a spin frustration perspective, has mainly been pursued in order to make 
models for the complex which is responsible for the oxidation of water in the oxygen 
evolving centre (OEC) of Photosystem II (PSI!) in green plants and cyanobacteria. 
Recent crystallographic and polarised EXAFS studies on the PSI1 reaction centre of 
Thermosynechococcus elongatus confirm the cluster to be an oxide-bridged [Mn4Ca] 
complex with (mainly) peripheral carboxylate ligation [I]. 
The discovery that a single molecule could behave like a tiny magnet was a 
major scientific breakthrough with widespread potential technological implications 
in high-density information storage and quantum computing. Single-Molecule 
Magnets (SMMs) represent the smallest possible magnetic device and thus a 
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molecular (or bottom-up) and hence controllable approach to nanoscale magnetism, 
where the energy barrier to magnetization reorientation is derived from the 
anisotropy of the molecular spin rather than the movement of domain walls, as in 
bulk magnets. The main requirements for observing such behaviour in molecules are 
a high spin ground state, S, and a significant negative zero-field splitting (D) of that 
ground state. The upper limit of the energy barrier (U) for the reorientation (reversal, 
relaxation) of the magnetization vector is given by S 2 IDI and (S2-114)IDI, for integer 
and half-integer S values, respectively, and its magnitude, at least in part, controls the 
temperature below which magnetic hysteresis and bistability are observed. The 
ability of Mn to exist in a variety of oxidation states makes it a popular choice for 
SMM synthesis since even antiferromagnetic exchange in mixed-valent clusters is 
likely to lead to molecules with non-zero spin ground states and the presence of 
Mn(1I1) ions guarantees a suitable source of single ion anisotropy [2]. 
Single Molecule Magnets (SMMs) 
The ability of certain molecular transition-metal clusters to be magnetized 
without need for long-range cooperative interactions was discovered in the early 
nineties [3]. The phenomenon was first seen in a coordination complex made of 
twelve oxide and acetate bridged manganese ions (Figure 1.1), with formula 
[Mn 1201 2(OAc) 16(H20)4] (1) hereafter abbreviated as [Mn 1 20Ac] [4]. The bulk 
magnetization as induced by an external magnetic field is retained upon removal of 
the latter thanks to the presence of an energy barrier (U) to the thermal equilibration 
of all possible quantized orientations of the molecular magnetic moment (Figure 1.2), 
giving rise to a hysteresis curve below a certain blocking temperature (Figure 1.3). 
Such orientations correspond to the various Ms components that result from the zero-
field splitting of the spin ground state, 5, of the cluster (Figure 1.4). In this manner, 
superparamagnetic-like behaviour was shown unambiguously in discrete molecules, 
and these have now been given the name Single-Molecule magnets (SMMs). This 
2 
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Figure 1.1. The structure of[Mn,OAc] in the crystal. 
discovery has great significance since it suggests the possibility of employing 
molecules as the smallest possible particle for the storage of a bit of magnetic 
information. The advent of single-molecule magnetism has stimulated a great deal of 
research in areas as diverse as physics, theoretical chemistry, spectroscopy, materials 
chemistry and synthetic coordination chemistry, as demonstrated by the several 
hundred papers published on the topic over the last twelve years. This effort has led 
to the experimental observation of the long-predicted phenomenon of quantum 
tunneling of the magnetization (QTM), and to detailed descriptions of the dynamics 
of relaxation of the magnetic moment in such systems [5]. The quantum tunneling 
takes place between the energetically matched levels on the opposite sides of the 
barrier (without climbing the barrier, Figure 1.5) and leads to successive steps 
observed in hysteresis loops [6,7]. The magneto-crystalline anisotropy plays a 
significant role in these phenomena and is commonly described using an effective 
spin Hamiltonian of the form: 
3 
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Figure 1.2. SMMs retain their spin orientation in the absence of a magnetic field 
I#rDS2+E(Sx2Sy2)+gpp,S.H 	 (1) 
The first term is the axial anisotropy responsible for the energy barrier which 
separates "spin up" and "spin down" configurations as shown in Figure 1.5 [6]. At 
low temperature the thermally activated reversal of the magnetization follows an 
Arrhenius law and the characteristic time becomes macroscopically long. If it grows 
over the time needed to measure a hysteresis cycle, a remanent magnetization 
appears, with a coercive field which increases on lowering the temperature, as is 
shown in the example of [Mn 1 20Ac] in Figure 1.3. A large temperature dependent 
remanent magnetization is observed and also almost equally spaced steps [7]. 
This step-like hysteresis is now considered the fingerprint of tunneling of the 
magnetization described in Figure 1.5a [6]. The transverse (E) terms in the spin-
Hamiltonian do not commute with the axial term at the origin of the barrier and 
admix the left and right well localized states, thus allowing an under-barrier 
mechanism. The extent of this delocalization is larger in the states close to the top of 
the barrier and maximum when the unperturbed levels on the opposite sides of the 
barrier are degenerate. In zero field (Figure 1.5a) all the pairs coincide in energy and 
this corresponds to the most favourable condition to observe tunneling. Depending 
4 
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Figure 1.3. Hysteresis loops of the [Mn 120AcI at 1.8, 2.1, 2.4, and 2.64 K, respectively. Hc Mr and 
Ms stand for coercivity, remanent magnetization and saturation magnetization respectively. 
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Spin projection (Ms) 
Figure 1.4. Energy diagram showing the relative positions of the zero-field split Ms levels of an S7 
=12 system, the barrier mediating between the M5 = + 12 and the M5 = - 12 states and the quantum 
tunnelling (red line). 
on the temperature and the thermal population of the levels, tunneling between the 
5 
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ground states or levels higher in the barrier can compete with the thermally activated 
mechanism, and a "short-cut" of the barrier occurs with a significant acceleration of 
the magnetic relaxation. When a longitudinal field is applied the ±Ms pairs are not in 
coincidence any more and tunneling is suppressed, as in Figure 1.5b, except for 
critical values of H for which the levels are brought into resonance again. According 
to equation (1) pairs of levels are in resonance for HZ nDIgPB, with n integer (Figure 
1.50. Acceleration of the relaxation due to tunneling occurs at these fields - 
corresponding to the steps in the hysteresis cycle [6]. 
Understanding and mastery of such quantum processes are of primary 
importance if SMMs are to be used as information storage devices or as qubits in 
Hz = 0 
M10' 	 'c11 M-10 
ci 
LJ 
Hz 0 0 
LIZ = nDIgpB 
Figure 1.5. Energy levels splitting by an axial anisotropy of a system with S = 10 (a). Overcoming 
of the barrier can occur through a thermal activation or through a tunnel mechanism involving the 
ground doublet or thermally excited states. When an axial field is applied the levels on the opposite 
sides of the barrier are no more in coincidence (b) and tunneling is suppressed unless specific values 
of the field are reached (c). 
n. 
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quantum computers [8]. A remarkable achievement is the thorough description of the 
magnetic and electronic structure of several SMMs through the use of sophisticated 
techniques such as High-Field EPR [9], solid-state Mn-NMR [10], 'H-NMR [11] 
and 13C-NMR [12], inelastic neutron scattering [13], and magnetic circular dichroism 
[14]. Invaluable knowledge about the properties of SMMs has also been obtained 
from the theoretical point perspective in form of density functional studies [15], 
employment of Monte Carlo methods [16] and ab initio calculations [17]. Much of 
the above progress has been made thanks to the work of synthetic chemists, who 
have provided the molecules of study for physicists, whose knowledge and work has, 
in turn, helped to highlight the next desirable synthetic targets. For example, it 
quickly became clear that in order to observe this behaviour from a molecular 
compound it is necessary to have a large spin ground state, S, and a large and 
negative zero-field splitting of that ground state (Figure 1.4). The energy barrier U is 
proportional to S2 IDI (integer spin) or (S2 - ¼)IDI (half-integer spin). Despite the 
large number of SMMs prepared since the property was first discovered, the value of 
Ueff in [Mn120Ac] (64 K, Tb - 3.5 K) has only recently been surpassed by a family 
of heaxanuclear Mn(III) complexes of general formula [Mn60 2(R-
saoH2)6(O2CR')2(s0lvent)4] (where saofl2 = salicylaldoxime and R = H, Me, Et, Ph, 
etc; Scheme 1.1) with Ue 86 K (Tb 5 K) [18,19]. This "blocking temperature" 
(Tb) being very low (< 5 K) remains the main obstacle to some of the potential 
applications of SMMs. Important advances have also been made in other aspects; for 
example, the ground state spin number has risen to a record value of ST = 51/2 ± I in 
a {Mn25018(OH)2(N3) 1 2(pdm)6(pdmH)6] SMM [20]. Also, the family of compounds 
has been extended to various other metals besides manganese, including iron, 
vanadium, cobalt, nickel and, very recently, combinations of 3d with 4d [21], 5d [22] 
and 4f[23] paramagnetic ions. 
Different methodologies towards the molecular assembly of such 
coordination compounds have been put to use. Of these, the most prolific has been 
serendipitous self-assembly [24]. In this method, ligands capable of coordinating to 
one or more ions in a variety of modes are mixed with metal salts or compounds in a 
7 
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R 
I 	OH 	 I 	 OH 
OH 
saoH2 RsaoH2 1 (R=Me, Et, Ph) 
Scheme 1.1. The structural formulae of the main ligands discussed in the text. 
solvent where the precise outcome is rarely predicted. Conditions can be created 
however for the isolation of discrete polynuclear species that, in many instances, will 
display interesting magnetic properties. An alternative strategy, which has proven to 
be more challenging, can be termed "rational molecular design". In this approach the 
components of the reaction system display lower flexibility, such that the geometry 
and properties of the products can often be forecasted. This suggests a 'customized' 
preparation of SMMs. Some very interesting systems have been made in this manner 
taking advantage of the linearity of the cyanide ligand in combination with the 
predictable geometry and electronic structure of specific transition metals [25]. 
SMMs of Manganese 
Each of the complexes described in this section have been synthesized, at 
least initially, by the serendipitous assembly of manganese salts or pre-formed 
clusters of Mn with a combination of one or more flexible organic bridging ligands. 
These species represent the vast majority of SMMs reported to date. Mn cluster 
chemistry involves complicated processes in which the crystallographically 
1.11 
Chapter 1- "Introduction" 

















Figure 1.6. 1. Single ion Mn 3 anisotropy: Jahn-Teller distortion. 
characterized products are almost certainly not the only complexes present in 
solution at any one time and where the synthesis also involves the 
protonationldeprotonation, redox chemistry and structural rearrangement of many 
species simultaneously. Thus, mechanistic, kinetic and any other detailed studies of 
the reaction processes are almost impossible. Compared to other 3d transition metals, 
clusters of manganese are often characterized by large spin ground states, and this, in 
conjunction with the presence of Jahn-Teller distorted Mn(III) ions (the source of the 
single-ion anisotropy; Figure 1.6) make manganese clusters ideal candidates for 
SMMs. However there exists few 'simple', readily available, soluble sources of 
Mn(III) and thus synthetic strategies toward making polymetallic complexes 
containing Mn(III) ions have generally involved either, the oxidation of Mn(II) 
ILI 
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species, the reduction of Mn(IV) or Mn(VII) species, and the use of small (or in 
some cases, large) pre-formed Mn(II/III/IV) containing species such as 
[Mn30(O2CR)6L3 ]° or [Mn 120 1 2(OAc) 16(H20)4] in the presence of flexible organic 
bridging ligands such as carboxylates and alkoxides via self-assembly. This has been 
achieved both chemically and electrochemically. 
Below we give a brief overview of some well known examples of these 
molecules. 
The IMn12012(02CR)16(H20)x1 Family: The Prototype SMMs 
The first, and most studied family of SMMs are the dodecanuclear complexes 
of general formula [Mn 120 12(O2CR) 1 6(H2O)1]' (n = 0, 1, 2; x = 3, 4). Of the more 
than one hundred different Mn clusters known to display SMM behaviour more than 
half the members belong to the [Mn 12] family. [Mn 1 20Ac] (Figure 1.1) is the 
prototype SMM and is extremely easy to make, has led to numerous papers 
describing its chemistry and physics including the first examples of quantum 
tunneling of the magnetization [26] and quantum phase interference [27]. 
[Mn 1 20Ac] has a spin ground state of S = 10 resulting from the 
antiferromagnetic interaction between the eight outer Mn(II1) ions and the four inner 
Mn(IV) ions. This coupled with a zero-field splitting parameter of D = -0.50 cm-1  
gave rise to the first molecule with an energy barrier to magnetization reversal, and 
the birth of SMM chemistry. The origin of the cluster anisotropy arises from the 
near-parallel alignment of the Jahn-Teller (JT) axes on the eight Mn(III) ions. Indeed 
the initially puzzling appearance of two separate out-of-phase ac susceptibility 
signals in some of the [Mn12] derivatives [28] has now been ascribed to the presence 
of separate isomers in which some of the JT axes are orientated differently [291. The 
presence of JT-isomers means that there are slower and faster relaxing species within 
the same crystal that have different energy barriers to the reorientation of the 
magnetization. This is a 'problem' which has been observed throughout the [Mn12] 
10 
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family, but one that has been recently overcome with the preparation of the 
bromoacetate analogue [Mn 120, 2(02CCH2Br)16(H20)41 which shows only one out-
of-phase ac susceptibility signal and a 'cleaner' hysteresis loop, thus simplifying the 
subsequent analysis [30]. 
Substitution of the carboxylate ligands surrounding the [Mn]2] core can be 
achieved via ligand exchange on the original pre-formed cluster or by repetition of 
the original reaction in the presence of excess RCO 2H [31]. An alternative, but less 
efficient route to [Mn 120,2(02CR) 16(H20)4] complexes is the oxidation of the 
appropriate oxo-centred metal triangles [Mn30(02CR)6(py)3] 0  with Mn04_ in 
MeCN or CH202 (vide infra). However the yields obtained from this procedure can 
be 5-10 times smaller than that obtained via ligand substitution. 
The IMn602(R-sa0)6(02CR')2(R0H)I Family 
The Brechin group recently reported the synthesis and magnetic properties of 
a large family (20 members) of hexanuclear Mn" SMMs based on the complex 
[Mn"602(sa0)6(O2CH)2(EtOH)4] (saoll2 = salicylaldoxime; Scheme 1.1) [18,19]. 
All display very similar molecular structures and can be described as 
consisting of two parallel off-set, stacked [Mn III  3(u3-0)] 7+  triangular subunits linked 
via two 'central' oximate 0-atoms and two 'peripheral' phenoxide 0-atoms (Figure 
1.7), leading to a [Mn 111 6(u3-0)2(u3-0NR)2(u-0NR)4] 8 core. The bridging between 
neighbouring Mn ions within each triangle occurs through an NO oximate group, 
such that each Mn2 pair forms a —Mn-N-O-Mn- moiety, and thus the Mn 3 triangle a 
(-Mn-O-N-)3 ring. It was shown that by using derivatised versions of the oxime 
ligand (R-saoH 2, R = H, Me, Et etc; Scheme 1.1) it was possible to significantly 
increase the ground spin state from S = 4 to S = 12, greatly enhancing the effective 
energy barrier for magnetisation reversal up to a maximum of 86 K [20,21]. The 
origin of the AF—+F switch arises from a structural distortion of the molecule 
induced by the 'twisting' of the (-Mn-N-0-) ring, as evidenced by the significant 
L,%7 
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Figure 1.7. The structure of [Mn 6O2(Et-sao) 6(O2C(Me)2Ph),(EtOH) 6] in the crystal. The central 
[Mn ... 6(u 3-O)2(u 3 -ONR),(u-ONR) 4] 8 core is show with black bonds. Colour scheme: Mn: red; 0: 
green; N: blue; C: pale grey. 
increases in the Mn-N-O-Mn torsion angles observed when bulkier salicylaldoximes 
are employed. The ability to deliberately switch pairwise exchange interactions in 
such a controllable fashion has enormous potential, but understanding in detail the 
underlying contributory factors in such complicated molecules is an extremely 
difficult task since it is the consequence of a number of different super-exchange 
pathways. The derivative [Mn III  602(Et-sao)6(02C(Me)2Ph)2(EtOH)6] ([Mn6Et-sao], 
Figure 1.7) has been established as the SMM with the largest anisotropy barrier yet 
known [19] and displays a spin ground state of S = 12 with D = -0.43 cm'. 
Relaxation studies on both powdered samples and on single crystals reveal the 
complex to be a single-molecule magnet with an effective energy barrier to 
12 
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magnetization reversal (Ueff) of 86.4 K and a blocking temperature of -'5 K; the 
relaxation being approximately ten times slower than that of 
UvIn 1201 2(O2CCH2Br) i 6(H20)41. 
> tMn&4072(OAc)78(OMe)24(OH)6(MeOH)12(H20)421; A Giant SMM 
One of the most successful routes for SMM synthesis is the reaction between 
a pre-formed Mn cluster and (a) solvent, (b) reductant/oxidant, and/or (c) flexible 
organic bridging ligand. Commonly the metal complexes are the triangular species 
[32] [Mn30(O2CR)6(py)3] ° , but all Mn (x ? 2) clusters can, and should be, 
regarded as starting materials - even those already exhibiting SMM behaviour, like 
the series of [Mn 1 20 1 2(02CR) 1 6(H20)4] compounds. The advantages of using pre-
formed clusters are (i) they are convenient sources of Mn(III) ions; (ii) they can often 
be made in gram scale quantities very easily; (iii) they already contain multiple Mn 
ions; (iv) they may already contain multiple 0 270H ions; (v) they may already 
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Figure 1.8. The structure of a giant SMIVI [MnM] in the crystal. 
13 
Chapter 1- "Introduction" 
possess large spin ground states; (vi) they may already display large anisotropies; 
and (vii) they may already display SMM behaviour. 
One of the most spectacular examples of this is the preparation of the largest 
known SMM - the cluster [Mn' 1184O72(OAc)78(OMe)24(OH)6(MeOH)12(H20)42], 
[MnM] (Figure 1.8) [31]. Magnetic studies on [Mng4] indicate a relatively small spin 
ground state of S = 6, but low temperature micro-SQUID measurements confirm the 
presence of temperature and sweep rate dependent hysteresis loops. [MnM] is by far 
the largest SMM made and can be regarded as the first meeting point of the top-down 
and bottom-up approaches to building nanoscale magnetic materials [31]. 
Magnetic Refrigerants and the Magnetocaloric Effect (MCE) 
Magnetic refrigeration is an energy-efficient and environmentally-friendly 
technology based on the magnetocaloric effect (MCE). This describes the change of 
magnetic entropy (AS,,) and (the related) adiabatic temperature (A Tad)  following a 
change in the applied magnetic field (All). Under adiabatic conditions a magnetic 
field can cause cooling or heating of a material as a result of variation of its internal 
energy (magnetic entropy). Debye [32a] and Giauque [32b] proposed that the MCE 
could be exploited for refrigeration via adiabatic demagnetisation processes. This is 
illustrated by the magnetic entropy Sm(T,H) curves for a paramagnet of spin S in 
Figure 1.9 [33]. A spin S has a 2S+1 degeneracy in zero field (neglecting ZFS) and 
hence the full amount of the magnetic entropy is R ln(2S+ 1), where R is the gas 
constant. 
When a material is magnetized by application of a magnetic field, H, the 
entropy associated with the magnetic degrees of freedom, S m , is changed as the field 
changes the magnetic order of the material. The MCE and the associated principle of 
adiabatic demagnetization is readily understood looking at Figure 1.9. The system, 
assumed to be a paramagnetic material, is initially in state A(T 1, H1), at temperature T1 
and field H1 . Under adiabatic conditions (i.e., when the total entropy of the system 
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Figure 19. Magnetic entropy S. as a function of temperature T, for two different applied magnetic 
fields H, and 1-It where H, < H1. A -+ B: isothermal magnetization with entropy change AS,,,; B -* C: 
adiabatic demagnetization with resulting temperature change AT= l'j- T,. 
remains constant during the magnetic field change), the magnetic entropy change 
must be compensated for by an equal but opposite change of the entropy associated 
with the lattice, resulting in a change in temperature of the material. That is, the 
adiabatic field change H - Hf brings the system to state B(Tf, Hf) with the 
temperature change AT,j = T - T1 (horizontal arrow in Figure 1.9). If the magnetic 
field is isothermally changed to Hf in a reversible process, the system goes to state 
C(T1, Hf) decreasing the magnetic entropy, thus resulting in a magnetic entropy 
change AS,,, (vertical arrow in Figure 1.9). 
Both ASm and ATd represent the characteristic parameters of the MCE. It is 
easy to see that if the magnetic change All reduces the entropy (AS m <0), then ATad  
is positive, whereas if All is such that AS m > 0, then ATad < 0 (Figure 1.9). Large 
magnetic moments are often attainable in superparamagnetic clusters, resulting 
therefore in large entropies. Moreover, for certain ranges of field, temperature and 
cluster size, it is easier in superparamagnets than in pure materials to change the 
magnetic entropies by application of a field [34]. Obviously, this leads to an interest 
in superparamagnets in terms of MCE. The picture depicted in Figure 1.9 is still 
15 
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valid for a superparamagnet with S as net cluster moment, provided that it is at 
temperatures above the blocking temperature. The cluster magnetic anisotropy, 
which indeed determines the blocking temperature, can be considered as a drawback 
in the MCE efficiency of superparamagnets, because by shifting the maxima of AS.. 
and ATad towards higher temperatures it tends to lower the value of the MCE 
response [34,35]. Ideal candidates for MCE applications would then be magnetic 
clusters with large S and small anisotropy. Isotropic high-spin ground state clusters, 
with potentially very large changes in S m  at low temperatures (i.e. where almost all 
population is in the ground state) are therefore attractive materials for low 
temperature cooling [36], and in principle could be more efficient than the lanthanide 
and intermetallic materials conventionally used for this purpose. 
To date, however, the number of publications on the MCE of molecule-based 
materials is very small. The reason is that both cluster magnetic anisotropy and 
quantum phenomena limit the application of molecular magnets as magnetic 
refrigerants at low temperatures. One excellent recent example is the 
tetradecametallic cluster [Fe" 14(bta)606(OMe) i 8Cl6] which has a remarkably high 
electronic spin ground state of S = 25 [33]. This is only surpassed by 
[Mn250 1 8(OH)2(N3)i 2(pdm)6(pdmH)6] cluster (S = 51/2±1) [20]. Despite its very 
large value of 5, [Feld does not behave as an SMIM because the ZFS of the ground 
state is negligible (D z 0 cm'). However, the magnetically isotropic nature of its 
giant spin leads to an enormous magnetocaloric effect (MCE) below 10 K [33]. 
Tejada and co-workers performed similar measurements [37] for the archetypal 
SMMs [Mn 120 12(O2CPh)16(H20)41 and [Fe 802(OH) 12(tacn)6]Br8 both of which have 
S = 10 ground states. However, the significant ZFS of the ground states breaks the 
2S+l degeneracy in zero field, leading to blocking of the magnetisation at low 
temperature. This results in a lower MCE [38] therefore limiting the potential of 
SMMs in this area. In contrast, the very large and isotropic spin ground state of 
[Fe14] results in a huge NICE at low temperatures, with characteristic parameters of - 
AS. = 17.6±2.8 Jkg'K' and AT = 5.8±0.8 K for T1 = 6 K and a magnetic field 
change of 0 - 7 T, determined from variable temperature, variable field specific heat 
ffli 
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and magnetisation measurements [33]. In other words, it should be possible to cool 
[Fe 14] to 6 K by conventional methods, and then to achieve temperatures well below 
I K by an isothermal magnetisation-adiabatic demagnetisation cycle. 
Micro-refrigeration can be employed in astrophysics for ultra-sensitive X-ray 
detectors [39]. The task of the molecular nanorefrigerants would then be the cooling 
of the "absorber", that is the film-component capable of intercepting the energy to be 
measured. In addition, magnetic refrigeration is particularly suited for X-ray 
microanalysis in outer space, since this technique is a valid alternative to 3He-4He 
dilution refrigeration whose use is complicated by the absence of gravity. In present 
devices and equipment, the trend is to reduce the size of all components. 
Use of [Mn3] Triangles as Starting Materials 
Probably the most successful use of pre-formed Mn clusters as starting 
materials in SMM synthesis involves the triangular complexes of general formula: 
[Mn30(O2CR)6(L)3 ] 01+  (where L is a terminal ligand such as H20, MeCN or 
pyridine). These complexes are easily made in a short timescale and their reactivity 
is highly versatile. They are stable in solution, accessible to ligand variation - i.e. the 
nature of the carboxylate can be changed at will as can the terminal ligand L, and 
they can be prepared with either three Mn(III) ions to give the charged complexes 
[Mn30(02CR)6(L)3]X (X = C10 4 , NO3, etc.) or with two Mn(III) ions and one 
Mn(II) ion to give the neutral complexes [Mn30(O2CR) 6(L)3]. For the charged 
complexes the nature of the anion is an additional reaction variable. These variables 
allow for a systematic synthetic strategy which, if successful, can help to produce 
large families of related compounds. Indeed, the prototype SMMs 
[Mn1202(02CR)16(H20)} can be made via the oxidation of the appropriate 
[Mn30(02CR)6(L)3] 0 complex with Mn04 in MeCN or CH202, albeit in rather 
poor yields. 
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Tripodal Alcohol Ligands 
Tripodal alcohol ligands such as 1,1,1 -tris(hydroxymethyl)ethane (H3thme); 
1,1,1 -tris(hydroxymethyl)propane (l-I 3tmp) and pentaerythritol (H4peol) (Scheme 1.2) 
have previously been used by Zubieta et al. in the synthesis of (diamagnetic) oxo-
vanadium and oxo-molybdenum clusters [40], but until recently, they have been used 
sparingly in the synthesis of paramagnetic 3d transition metal clusters [41]. Zubieta 
et al. introduced this ligand type to expand the coordination chemistry of 
polyoxoanions both by providing charge compensation by the substitution of 
peripheral 02  groups with mono-negative ligands in "classical" compact polyanion 
structures and by allowing structure expansion and/or modification through bridging 
(•.NH 	
























Scheme 1.2. The structures of 1,1,1-ti -is(hydroxymethyl)ethane (H 3thme); 2-Amino-2-methyl-1,3-
propanediol (ainpH 2); triethanolamine (H 3tea); 1,1,1 -tris(hydroxymethyl)propane (H 3tmp); 2-amino-2-  
ethyl- I ,3-propanediol (aepH 2); pentaerythritol (H 4peoI); 2-(Bromomethyl)-2-(hydroxymethyl)- 1,3-
propanediol (Br-mpH 3 ). 
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interactions. While "naked" polyanion structures exhibit frameworks constructed 
exclusively from {M0 5 } square pyramids and/or {M0 6} octahedra, the structural 
diversity of the tripodal alkoxide coordination clusters reflected the introduction of 
ligand-directed tetrahedra into the cluster frameworks. The polyoxoalkoxymetalates 
[MaOb(OR) c] represent a particularly prominent subclass of polyanion coordination 
compounds that are of considerable interest by virtue of their relationship to the 
oligomeric metal alkoxides (Scheme 1.3), a major class of inorganic materials. 
Consequently, a variety of tn-, tetra-, hexa-, deca-, and decahexa- nuclear oxo-
vanadium and oxo-molybdenum clusters were synthesized using tn-alcohol ligands 
which displayed coordination modes from 1,12 to p5 (TA2-TA3; Scheme 1.3). Some 
prominent examples are: [{ RC(CH2O)3V3 } PW i (a), 
[V2Mo208(OMe)2 {RC(CH20)3}2] 2 (b), [V60 13 {RC(CH20)3}2] 2 (c) (when R= Me, 
Et), [V 100 13(thme)5]' (d), and [V 16020 {RC(CH20)8}(H20)4] 2 (e) whose structures 
are based on octahedral sub-cores. 
The use of such tripodal ligands for the synthesis of paramagnetic 3d 
transition metal clusters is much rarer. The first example of a mixed-valent Mn 
cluster was the decanuclear (Et 4N)2[Mn 1002C18(thme)6} [41d] whose structure is 
based on an edge-sharing bi-octahedron. This reflects the role of the trisalkoxy ligand 
types in stabilizing trinuclear [M3(tripod)] structural fragments that condense into 
larger aggregates that often display classical polyoxoanion structural cores. 
Hegetschweiler et al. reported the hexanuclear cluster [Fe60(thme) 6] 2 [41], whose 
structure is again based on an octahedral core. The basis of the steric requirement of 
the tripod 3 ligand, that there are two possibilities for bridging such a ligand to an 
(M60) moiety (Scheme 1.4): a coordination mode where all three alkoxo groups 
bind as 92-bridges (type A) and a mode with one terminally coordinating and two 
bridging alkoxo groups (type B). If more than one tripod 3-  ligand interacts with the 
0M6 unit, a variety of different arrangements have to be taken into consideration, 
thus expanding the coordination chemistry. 
The basic, though perhaps over-simplistic, principle of using tripodal alcohols 
in this thesis is to link paramagnetic metal ions together into triangular arrays (Figure 
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Scheme 1.3. Schematic views of representative coordination modes adopted by oxygen-donor ligands. 
The labelling scheme is: Al:tenninal alkoxide; A2: p2-bridging alkoxide; A3: p3-bridging alkoxide; 
BAI: mixed bridging and terminal mode adopted by bisalkoxides; TAI-TA5: coordination modes 




Scheme 1.4. Possible interactions of thme 3 with the OFe6 unit and connectivity diagrams of the two 
different coordination modes. The (Fed octahedron is shown by dashed lines; the three coordinated 
oxygens of a thme3 ligand are indicated by a solid triangle. 
1.10) which may lead to molecules with large spin ground states [42]. If these arrays 
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consist of simple [M 3 ] equilateral triangles then the resultant competing exchange 
interactions or "spin frustration" stabilizes the non-zero spin ground state. If the 
arrays consist of [M41 centred triangles (or "metal stars") in which the three 
peripheral ions are connected only to the central ion and not to each other, then 
antiferromagnetic interactions between these ions stabilizes the large spin ground 
state. If these "high spin" triangular units can be linked together into elaborate 
polymetallic arrays then the resultant complexes could well be characterizes by large 
spin ground states. The disposition of the three alkoxide aims of the fri-anion directs 
the formation of triangular [M3] units where each arm of the ligand bridges one edge 
of the triangle - in polyoxometal late chemistry this results in clusters based on 
octahedra. For clusters of 3d metals however, these [M31 units can be combine in 
more diverse ways and produce more elaborate products whose structures are 
depended on both (a) the level of deprotonation of the ligand i.e. tripod3 , Htripod2 
on 1­12tripod' and (b) the presence of other bridging/chelating ligands such as 
• = metal 
•=o 
Figure 1.10. The triangular arrays formed by the alcohol ligands linking the metal ions together. 
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carboxylates or and/or terminal co-ligands such as carboxylates or 13-diketonates etc. 
Indeed these triangles have been shown self-assemble to give a plethora of 
polymetallic clusters whose metallic skeletons are based on rods, discs, tetrahedra, 
octahedra and icosahedra [42]. 
For example, reaction of {Mn30(OAc) 6(py)3] with 1­13tbme in MeCN 
produces the enneanuclear complex [Mn90 7(thme)(OAc) i i (py)3(H20)2] [Mn9thme] 
[44]. This complex has a core of four Mn(III) and two Mn(II) ions surrounding a 
central triangle of Mn(IV) ions - a structure with obvious parallels to [Mn i 20Ac]. 
Indeed the observed S = 1712 ground state also arises from the anti ferromagnetic 
interaction between the ferromagnetically coupled inner Mn(IV) ions and the 
peripheral Mn(II1/II) ions. Low temperature micro-SQUID measurements of 
[Mn9thme] provide a beautiful example of temperature and sweep rate dependent 
hysteresis loops in which the QTM steps are clearly seen. Repetition of the reaction 
that produced [Mn 9thme] but using the benzoate triangle [Mn30(O 2CPh)6(py)3 ] does 
not produce an analogous compound but the species 
[Mn 1204(OH)2(02CPh) 12(thme)4(py)2] [Mn i2thme] [45]. This complex consists of a 
series of ten edge-sharing triangular units, as directed by the tripodal organic ligands, 
which combine to form a long, thin, rod-like complex. The presence of so many 
triangular units and thus the presence of many competing exchange interactions, 
results in an intermediate spin ground state of S = 7. Repetition of the same reaction 
but utilising a number of different carboxylates leads to the formation of a large 
family of rod-like Mn species of differing nuclearities and spins [46]. 
A natural extension to these studies is the investigation of the coordination 
chemistry of analogous organic molecules in which one (or more) of the alcohol 
'arms' is replaced by an alternative functional group(s), for example an amine group 
(see ampH2 and aepH2 ligands in Scheme 1.2). While each alkoxide arm has the 
potential to bridge up to three metals (and thus a maximum of seven metals per 
tripodal ligand) [43], the -NH2 'arm' is likely to act solely as a monodentate/terminal 
capping unit and thus a number of related, yet different, structural topologies. 
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Project Aims 
The project is focused on the syntheses of polynuclear manganese clusters using 
tripodal ligands (all the ligands used are shown in Scheme 1.2) for use as single-
molecule magnets and magnetic refrigerants. 
Physical Methods 
Elemental analysis (C, H, N) were performed by the EaStCHEM 
microanalysis service. Variable-temperature, solid-state direct current (dc) magnetic 
susceptibility data down to 5 K were collected on a Quantum Design MPMS-XL 
SQUID magnetometer equipped with a 7 T dc magnet. Diamagnetic corrections were 
applied to. the observed paramagnetic susceptibilities using Pascal's constants. 
Magnetization versus field hysteresis and dc decay measurements at temperatures 
below 1.8 K were performed on single-crystals using a micro-SQUID instrument 
[47]. Specific heat experiments down to 0.3 K and up to 7 T were carried out with 
the PPMS. Magnetization and susceptibility measurements below 2 K were 
performed using homemade Hall microprobes. In this case, the grain-like samples 
consisted of collections of small crystallites of ca. 10 mm 3 . For measurements 
performed on powder samples, the calculated fits were obtained taking into account 
random spin orientations. 
X-ray Crystallography 
Diffraction data were collected on a Bruker Smart Apex CCD diffractometer 
equipped with an Oxford Cryosystems LT device. The structures were solved by 
direct methods (SHELXS) and refined by full-matrix least squares against F2 
(CRYSTALS) [48]. 
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Supporting Information 
Crystallographic data and structure refinement details are listed in Tables 
A.2.1 - A.2.3, for complexes 1 - 7; Table A.3.1, for complexes 8 - 10; Tables A.4.1 
- A.4.2, for complexes 11 - 15 and Tables A.5.1 - A.5.3 for complexes 16 - 23 in 
the appendices. Full details can be found in the accompanying OF files (attached 
CD). 
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Chapter 2 
A Family of [Mn6] Complexes and a [Mn 12] Complex 
Featuring Tripodal Ligands 
Introduction 
From the Brechin group previous experience of employing tripodal alcohol 
ligands in manganese carboxylate chemistry we have been able to isolate high spin 
molecules and SMMs with nuclearities ranging from two to thirty two, suggesting 
that such ligands are indeed excellent candidates for the preparation of polynuclear 
manganese complexes with interesting magnetic properties [1,2]. The majority of 
these complexes have been isolated using the basic manganese carboxylate 
'triangles' of general formula {Mn30(O 2CR)6L3 }
0
' (R = Me, Ph, etc.; L = py, 
MeCN, H20, etc.), and we therefore decided to extend these studies to include the 
use of manganese 13-diketonate salts and various other 'simple' manganese sources. 
Herein we report the syntheses, structures and magnetic properties of a new family of 
hexanuclear manganese complexes and one dodecanuclear complex built by tripodal 
ligands (H3thnie, H3tmp, H4peol, H3tea, aepH2; Scheme 1.2). All six hexanuclear 
complexes display very similar structures, yet their observed magnetic behaviour 
ranges from S = 0 ground state to single-molecule magnetism, and this allows us to 
examine the effect that subtle changes in geometry have on the nature of the 
individual pairwise exchange interactions and the resultant ground states. 
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Experimental Section 
All manipulations were performed under aerobic conditions, using materials 
as received. [Mn30(OAc)6(py)3]py, NBuMn04 and 
[Mn]2012(OAc)16(H20)4]2AcOH4H 20 were prepared as previously described [3,4]. 
> Synthetic Procedures 
IMn6(OA06(H2tea) 2(tm P)21  2MeCN (1 2MeCN). To a stirred suspension of 
Mn(acac) 2  (0.500 g, 1.97 mmol) in MeCN (30 ml) were added H3tmp (0.265 g, 1.97 
mmol), H3tea (0.331 g, 1.97 mmol) and pyridine (5 ml). The resulting yellow-brown 
solution was left stirring overnight, during which time its colour changed to dark-
brown, filtered and layered with two volumes of n-hexfEt20 (1/1). After one week, 
the dark-brown crystals that had formed were isolated by filtration, washed with 
Et20, and dried in vacuo; yield 35 %. A sample for X-ray crystallography was kept 
in the mother liquor to prevent solvent loss. Anal. Calcd (Found) for 1 2MeCN, 
C40H70Mn6N4O24: C, 36.38 (36.62); H, 5.34 (5.35); N 4.24 (4.09) %. 
IMn6(OA06(H2tea)2(thme)212py (22py). To a stirred suspension of 
Mn(acac)2 (0.500 g, 1.97 mmol) in MeCN (30 ml) were added 1 ­13thme (0.237 g, 1.97 
mmol), H3tea (0.331 g, 1.97 mmol) and pyridine (5 ml). The resulting yellow-brown 
solution was left stirring overnight, during which time it changed colour to dark-
brown, filtered and layered with two volumes of n-hex/Et 20 (1/1). After one week, 
the dark-brown crystals that had formed were isolated by filtration, washed with 
Et20, and dried in vacuo; yield 45 %. Anal. Calcd (Found) for 22py, 
CH74Mn6N4024 : C, 38.50 (38.33); H, 5.43 (5.27); N 4.08 (4.01) %. 
[Mn6(OA06(H 2tea) 2(Hpeol) 2 J py (3py). To a stirred solution of Mn(acac) 2 
(0.500 g, 1.97 mmol) in MeCN (30 ml) were added H4peol (0.269 g, 1.97 mmol), 
H3tea (0.331 g, 1.97 mmol) and pyridine (5 ml). The resulting yellow-brown 
suspension was left stirring overnight, during which time it changed colour to dark-
brown, filtered and layered with two volumes of n-hexIEt20 (1/1). After one week, 
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the dark-brown crystals that had formed were isolated by filtration, washed with 
Et20, and dried in vacuo; yield 55 %. A sample for X-ray crystallography was kept 
in the mother liquor to prevent solvent loss. Anal. Calcd (Found) for 3py, 
C39H71Mn6N3026 : C, 35.28 (34.93); H, 5.39 (5.28); N 3.17 (3.15) %. 
EMn6(aca04(OA02(Htmp)2(aep) 2J (4). To a stirred suspension of Mn(acac) 2 
(0.500 g, 1.97 mmol) in MeCN (30 ml) were added H 3tmp (0.265 g, 1.97 mmol) and 
aepH2  (0.236 g, 1.97 mmol). The resulting yellow-brown solution was left stirring 
overnight, during which time it changed to dark-brown, filtered and left undisturbed 
to evaporate slowly. After five days dark-brown crystals were formed and were 
separated by filtration, washed with Et20, and dried in vacuo; yield 30 %. A sample 
for X-ray crystallography was kept in the mother liquor to prevent solvent loss. The 
dried sample analyzed as solvate-free. Anal. Calcd (Found) for 4, C46H80Mn 6N2022 : 
C, 41.25 (41.36); H, 2.09 (2.20); N, 6.01 (6.12) %. 
IMn6(OA08(tmp)2(py) 4 J 2py (52py). 
Method 1. Treatment of a pale pink solution of Mn(OAc)2•4H 20 (0.245 g, 1.00 
mmol) in py (25 ml) with NBuMn04  (0.120 g, 0.33 mmol) resulted in a dark red-
brown solution. To this solution was slowly added H3tmp (0.135 g, 1.00 mmol) to 
give a dark-brown solution, which was left stirring for 45 mm. The solution was then 
filtered and layered with two volumes of Et 2 0 to give dark-brown crystals after 3 
days. The crystals were collected by filtration, washed with Et 20, and dried in vacuo; 
yield 30 %. A sample for X-ray crystallography was kept in the mother liquor to 
prevent solvent loss. The dried sample analyzed as solvate-free. Anal. Calcd (Found) 
for 5, C48HMn6N4022 : C, 41.82 (41.67); H, 4.68 (4.74); N, 4.06 (3.99) %. 
Method 2. To a stirred dark brown solution of [Mn30(OAc) 6(py)3}py (0.425 g, 0.50 
mmol) in py (25 ml) was added solid H3tmp (0.405 g, 1.50 mmol), which dissolved 
to give a solution of the same color. The new solution was stirred for 45 mm, layered 
with two volumes of Et20 to give dark-brown crystals of 52py after three days. The 
crystals were collected by filtration, washed with Et 20 and dried under vacuum; 
yield 35 %. The dried sample analyzed satisfactorily as solvent-free 5. 
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Method 	3. 	Treatment 	of 	a 	dark-brown 	solution 	of 
[Mn12012(OAc)16(H20)4].2AcOH.4H 20 (0.500 g, 0.25 mmol) in py (25 ml) with 
H3tmp (0.203 g, 1.5 mmol) gave a solution of essentially the same colour. The new 
solution was left stirring for 45 mm, filtered and layered with two volumes of Et 20 to 
form dark-brown crystals of 52py after two days. The crystals were collected by 
filtration, washed with Et 20 and dried under vacuum; yield 25 %. The dried sample 
analyzed satisfactorily as solvent-free 5. 
IMn6(OA08(thme) 2(py) 4J 2py (62py). 
Method 1. Treatment of a pale pink solution of Mn(OA0 2 .4H20 (0.245 g, 1.00 
mmol) in py (25 ml) with NBu4'MnO4  (0.120 g, 0.33 mmol) resulted in a dark red-
brown solution. To this solution was slowly added H 3thme (0.125 g, 1.00 mmol) to 
give a dark-brown solution, which was left stirring for 45 mm. The solution was 
filtered and layered with two volumes of Et20 to give dark-brown crystals after 3 
days. The crystals were collected by filtration, washed with Et 20, and dried in vacuo; 
yield 35 %. A sample for X-ray crystallography was kept in the mother liquor to 
prevent solvent loss. The dried sample analyzed as solvate-free. Anal. Calcd (Found) 
for 6, C46H60Mn6N4022 : C, 40.91 (40.96); 1-I, 4.48 (4.71); N, 4.15 (4.20) %. 
Method 2. Method 2 for complex 52py was repeated using H3thme (0.188 g, 1.5 
mmol) in place of H3tmp. The method resulted in the formation of X-ray quality 
dark-brown crystals of 62py, as was confirmed by crystallography; yield 35 %. 
Method 3. Method 3 for complex 52py was repeated using H3thme (0.188 g, 1.5 
mmol) in place of H 3tmp. The method yielded dark-brown crystals of 62py; yield 25 
%. The dried sample analyzed satisfactorily as solvent-free, 6. 
1Mm 2(Hthme)8(thme) 2(py)2Br8J 2py (72py). To a stirred suspension of 
MnBr24H2 0 (0.500 g, 1.74 mmol) in MeCN (30 ml) were added H3thme (0.209 g, 
1.74 mmol), H3tea (0.292 g, 1.74 mmol) and 5 ml of pyridine. The resulting brown 
solution was left upon stirring overnight, during which time it changed its colour to 
dark-brown, filtered and layered with Et20 (1/1). After one week, the black crystals 
that had formed were isolated by filtration, washed with Et 20, and dried in vacuo; 
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yield 10 %. Anal. Calcd (Found) for 72py, C70H 110Mn,2N4030Br8 : C, 30.18 (30.03); 
H, 3.98 (3.03); N, 2.01 (2.17) %. 
Results and Discussion 
Synthesis 
The reaction between Mn(acac) 2 and tripodal alcohols (H 3tmp, 1 ­13thme or 
H4peol) in the presence of H3tea in MeCN gives the complexes 
[Mn6(OAc)6(H2tea) 2(tmp)2] (1), [Mn6(OAc) 6(H2tea) 2(thme) 2] (2) and 
[Mn6(OAc)6(H2tea)2(Hpeol) 2] (3), respectively. Complexes 1-3 are mixed-valent 
containing four Mn" and twoMn "' ions each. Given that the starting manganese 
source contains exclusively Mn" ions, it is apparent that the ions are generated 
upon oxidation by atmospheric 02,  a process common in manganese cluster 
chemistry. To our initial surprise there were no 3-diketonate ligands and six acetates 
in the product despite the starting material being Mn(acac) 2 . The transformation of 3-
diketonates to carboxylates is in itself not surprising and has been seen in a number 
of other polynuclear cluster compounds [5], but it is rare to find the conversion in 
"100 % yield" with no -diketonates in the crystallized product (from a total yield of 
35%; see the Experimental Section). The retro-Claisen condensation responsible is 
base-assisted and here the excess H3tea has clearly acted to mediate the reaction in 
high yield (vide infra) [6]. 
With the identity of complex 1 (2 and 3) established, and in an attempt to 
incorporate some acac ligands into the final product, we repeated the reaction using 
exactly the same reaction conditions (e.g. reaction time, concentrations, etc.) but 
replacing H3tea (pKa 13) with aepH2 (pKa - 11). The result was the isolation of 
complex 4 in which both acac and 0Ac ligands are present and where the acac to 
OAc transformation is 77% less than that observed for complex 1. In addition, 
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complex 4 contains only doubly deprotonated Htmp 2 ligands, while in complex 1 
both are fully deprotonated tmp 3 , as might be expected by the use of a weaker base. 
The syntheses of complexes 5 and 6 can both be regarded as either 'reductive 
aggregations' and/or as comproportionations depending on the method used. 
Comproportionation is the simple reaction between a Mn" salt [e.g. 
Mn(OAc)24H20] and a source of Mn" (e.g. NBuMnO4), while reductive 
aggregation is a process whereby high oxidation state Mn sources are reacted in 
reducing conditions that force a reduction of the metal centres (e.g. Mn" 1 to Mn") 
and structural rearrangement (in the presence or absence of additional bridging 
ligands) that results in the formation of a new product. For example, complex 5 is 
made from the reaction of Mn(OAc)24H20 and NBu 4 Mn04 in pyridine in the 
presence of the tripodal bridging ligand H 3tmp. When mixed together the 
Mn(OAc)24H20 and NBu4"Mn04 initially form a bright purple solution which then 
turns dark brown upon stirring as the Mn v11 ions are reduced and the Mn" ions 
oxidized. At this stage the H3tmp is added (to avoid ligand oxidation) with the 
deprotonation and complexation of the ligand accompanied by a further reduction in 
the metal oxidation states as the solution colour turns (over several hours) light 
brown. Complex 6 can be made from the reaction of [Mn120 12(OAc) 16(H20)4] with 
H3thrne. The [Mn 12] cluster contains Mn" and Mn" ions and the tripodal ligand is 
added in its fully protonated form (H3thme) yet the product contains a [Mn III  2Mn"4J 
core held together by triply deprotonated thme 3 ligands. Clearly as is the case with 
almost all Mn cluster chemistry, complexes 1-6 are unlikely to be the only species 
present, and their formation and crystallization is an extremely complicated process 
that also involves the protonationldeprotonation, structural rearrangement and redox 
chemistry of many other species present in solution. 
The success of these comproportionation reactions also led us to attempt the 
synthesis of similar [Mn6] complexes but in different oxidation levels - particularly 
those complexes with a higher Mn" 1 : Mn" ratio. Reactions involving using greater 
ratios of Mn04  and in the presence of additional anions were examined in detail but 
resulted only in the formation of identical complexes - albeit in differing yields. 
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Similarly when the reductive aggregation route was employed replacing the [Mn"3] 
triangles with higher oxidation state sources such as [Mn,20, 2(OAc) 16(H20)4] (which 
comprises four Mn " and eight Mn" ions), only the same products could be 
crystallized. The relatively high yields these hexanuclear clusters can be obtained in, 
and their ease of crystallization, suggests their formation to be more 
thermodynamically favourable than that of any higher oxidation state analogue(s) 
that may also be present in solution. 
Complex 7 was prepared by reacting MnBr24H20 with 1 ­13thme and H3tea 
in MeCN and pyridine. The complex is mixed—valence containing six Mn(II) and six 
Mn(III) ions. Two of the ten H 3thme ligands are fully deprotonated, thme 3 , and the 
remaining eight are doubly deprotonated, Hthme 2 . There are no H3tea ligands in the 
product, suggesting its role is only as base. The bromides solely act as terminal 
ligands and fill the coordination spheres of manganese ions, an approach which here 
we have found particularly useful (vide infra). 
Description of structures 
[Mn6(OA06(H2tea)2(tmp) 2J (1) crystallizes in the monoclinic space group 
C21c (Figure 2.1; selected bond lengths and angles are given in Table A.2.4). The 
complex consists of a rod-like [Mn" 4Mn"2(ti-OR)6(t3-OR)4 ] 4 unit of four edge-
sharing Mn triangles. The core is trapped-valence with Mn I and its symmetry 
equivalent being the sole Mn" ions, and can be described as consisting of four edge-
sharing [Mn3(OR)} triangles (Figure 2.2). All six Mn ions effectively lie on the same 
plane and are in distorted octahedral geometries, except Mn3 and Mn3' which can be 
considered as pseudo seven-coordinate with a long contact to the N atom of the 
triethanolamine ligand (MO-NIB, 2.523 A). The two Mn" ions display Jahn-Teller 
elongations (Mnl-OID, 2.177 A; Mnl-02A', 2.238 A and s.e), which are co-parallel 
and at an angle of— 37° with respect to the plane of the six Mn ions. The two tripodal 
alcohol ligands are fully deprotonated, tmp 3 , and located directly above and below 
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the [Mn61 plane, each binding in a q 3:?'3:l2:p5 fashion to five metal centres that form 
three edge sharing triangles (Figure 2.3). 
Figure 2.1. The structure of 1 in the crystal. Hydrogen atoms and solvent molecules have been 
omitted for clarity. Colour scheme: Mn: purple; 0: red; N: blue; C: grey. 
Figure 2.2. The core of I in the crystal. Colour scheme: Mn(II1): purple; Mn(I1): pink; 0: red. 
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3 3 2 	 2. 1.J7 1..r r7q7.1. ,J2 
Figure 2.3. The -coordmation mode of the alcohol tripodal ligands present in 1-7 and the 
triethanolamine ligand present in 1-3. Colour scheme: Mn: purple; 0: red; N: blue; C: grey. 
The six carboxylates coordinate in two different ways: four are in the usual 
,':':p-mode, and two in the monoatomic p mode. The triethanolamine ligands are 
doubly protonated, H 2tea, capping each end of the molecule in a 
mode (Figure 2.3). Both protonated arms of each H2tea' ligand are involved in 
hydrogen bonding; one arm forms an intermolecular H-bond to an 0-atom of the 
monoatomic acetate belonging to a neighboring [Mn 6] unit, while the second 
protonated arm forms an intramolecular H-bond to the 0-atom of the monoatomic 
acetate belonging to the same [Mn6] unit. The molecules in the crystal lattice stack 
directly upon each other, forming sheets with the solvent molecules, occupying the 
space within these sheets. The closest intermolecular Mn ... Mn distance is 8.06 A 









Figure 2.4. The packing of the molecules of I in the crystal, viewed parallel to the [Mn 6] inner. 
Colour scheme same as complex I. 
cell of 1 contains eight 'half' [Mn 6] molecules such that the clusters are in a common 
observed brickwall pattern. 
IMn6(OAc)6(H2tea)2(thme)21 (2) crystallizes in the triclinic space group PT 
(Figure 2.5; selected bond lengths and angles are given in Table A.2.5). Complex 2 
consists of a rod-like [Mn 114Mn"2(t-OR)6(93-OR)4
14 unit and a Mn-O core similar 
to 1 with Mn3 and Mn3' being the sole Mn 11' ions (Figure 2.2). The pseudo seven-
coordinate Mnl has a long bonding distance of Mnl-Nl 1 2.506 A (and s.e) contact 
to the N-atom and the triethanolamine ligand. The two Mn" display Jahn-Teller 
elongations (Mn3-034, 2.181 A; Mn3-045, 2.243 A; and s.e), which are co-parallel 
and form an angle of —38° with respect to the plane of the six Mn ions. The thme 3 
and H2tea' ligands and the carboxylates coordinate as in complex 1 (Figure 2.3). The 
molecules of 2 pack in the common observed brickwork pattern. The closest 
intermolecular MnMn distance is 8.07 A between adjacent sheets, and 7.41 A 
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Figure 2.5. The structure of 2. Hydrogen atoms and solvent molecules have been omitted for clarity. 
Colour scheme same as complex 1. 
0 - 
. ZJ..: 








Figure 2.6. The packing of the molecules of 2 in the crystal, viewed perpendicular to the [MN] inner. 
Colour scheme same as complex 1. 
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IMn6(OA06(H2tea)2(Hpeol)21 (3) crystallizes in the monoclinic space group 
P2 1 1n (Figure 2.7; selected bond lengths and angles are given in Tables A.2.6). 
Complex 3 consists of a rod-like unit and Mn-O core similar to 1 with Mn2 (and s.e) 
being the Mn ions (Figure 2.2). The pseudo seven-coordinate Miii (and Mni '), 
having long bonding distances of 2.470 A to N  1-atom. The two Mn" display Jahn-
Teller elongations (Mn2-0323, 2.199 A; Mn2-07, 2.240 A and s.e). Both JT axes are 
co-parallel and at an angle of -35 ° with respect to the [Mn6] plane. The two tripodal 
alcohol ligands are triply deprotonated, Hpeol 3 , using the three of their four alkoxide 
arms and are located directly above and below the [Mn 6] plane in 1u5-mode such as in 
1 and 2 (Figure 2.3). The carboxylates and the triethylamine ligands again coordinate 
in a similar fashion to 1 and 2. For complex 3, the closest intermolecular MnMn 
distance is 6.82 A (Figure 2.8). 
Figure 2.7. Structure of 3 in the crystal. Hydrogen atoms and solvent molecules have been omitted for 
clarity. Colour scheme same as complex 1. 
40 
fl4 i. 
Chapter 2- "Mn Rod-like structures" 
j 
Figure 2.8. The packing of the molecules of 3 in the unit cell in the crystal. Colour scheme same as 
complex 1. 
IMn6(acac)4(OAc)2(Htmp)2(aep) 2J (4), crystallizes in the monoclinic space 
group P2 1 In (Figure 2.9; selected bond lengths and angles are given in Table A.2.7). 
Its core consists of a rod-like planar [Mn 11124n"4(t-OR)6(j.t3-OR)4]4 unit comprising 
four edge-sharing triangles, as in 1-3 (Figure 2.2). The sole Mn ions (Mnl and 
Mn 1') are located in the centre of the core, with all six manganese ions lying in the 
same plane. All are hexa-coordinate adopting distorted octahedral geometries with 
the Mn ions displaying the expected Jahn-Teller elongations (Mnl-N21, 2.308 A; 
Mnl-031', 2.260 A) and are again co-parallel and at an angle of'-29° with respect to 
the central plane of the Mn ions. The two tripodal alcohol ligands are doubly 
deprotonated, Htmp2 , sitting above and below the [Mn 6] plane coordinating via only 
two of their three arms in a , 2:, 2:u3-fashion linking three Mn ions together in a linear 
array. The two 2-amino-2-ethyl-1,3-propanediol ligands are doubly deprotonated, 
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Figure 2.9. Structure of 4 in the crystal. Hydrogen atoms have been omitted for clarity. Colour 
scheme same as complex I. 
five metal centres that form three edge-sharing triangles. Two of the acac ligands 
adopt their common chelating mode, while the remaining two bond in the more 
unusual , 2:":p-fashion. The coordination spheres of the peripheral Mn ions are 
completed by the presence of ?7':i':p-acetates that bridge between Mn2 and Mn3' 
(and s.e). 
The protonated OH group of the non-deprotonated arm of each Htmp 2 forms 
an intermolecular H-bond to an 0-atom belonging to a bridging acetate of a 
neighbouring [Mnd unit. As a result of these interactions, each [Mn] unit forms four 
H-bonds (two from the Htmp 2 ligands and two from the bridging acetates) to four 
different neighbouring [Mn o] species belonging to the same sheet and, thus, the 
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Figure 2.10. The packing of the molecules of 4 in the crystal. Colour scheme same as complex 1. 
molecules form 2D sheets held together by a complicated network of H bonds. These 
2D networks stack upon each other leaving no solvent accessible void, with the 
closest MnMn distance in the same sheet of 8.48 A and 7.62 A between adjacent 
sheets (Figure 2.10). 
[Mn6(OAc)8(tmp)2(py)4 (5), crystallizes in the triclinic space group P1 
(Figure 2.11; selected bond lengths and angles are given in Table A.2.8). Its core can 
be described as a non-planar [Mn' 12Mn"4(t-OR)2(t3-OR)4]8 unit, or again more 
conveniently as a central planar [Mn 1112Mn"2] rhomb (comprising Mn2, Mn3 and s.e) 
with two peripheral Mn ions (Mnl and Mn 1') above and below the plane at distances 
of 1.107 and -1.107 A, respectively (Figure 2.12). The two Mn ions are Mn3 and 
Mn3' with their JT elongations described by the Mn3-023 (2.124 A) and Mn3-021' 
(2.289 A) directions at an angle of -57 0 with respect to the [Mn4 plane. The tripodal 
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Figure 2.11. The crystal structure of complex 5. Colour scheme same as complex 1. 
Figure 2.12. The core of complex 5. Colour scheme: Mn(I1l): purple; Mn(1I): pink; 0: red. 
alcohols are fully deprotonated, tmp 3 , sitting one above and one below the [Mu 4] 
plane coordinating in a bridging five metals to form three edge-
sharing triangles. All eight acetates adopt a ,':7':p-bridging mode, while the 
coordination environment of the peripheral Mn ions are completed by four terminal 
pyridine ligands. 
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Figure 2.13. The packing of the molecules of 5 in the crystal. Colour scheme same as complex 1. 
In the crystal lattice the molecules pack upon each other forming sheets with 
the pyridine solvate molecules lying in the space between adjacent sheets. There are 
no intermolecular or intramolecular H-bonds present between [Mn6J units, while the 
closest Mn Mn distance is 7.7 A. The molecules of 5 pack in the common observed 
bnckwall pattern (Figure 2.13). 
IMn6(OAc)8(thme)2(py)4j (6), crystallizes in the triclinic space group P1 
(Figure 2.14; selected bond lengths and angles are given in Table A.2.9). The 
structure consists of a non-planar [Mn 114Mn"t2(9-OR)4(Px3-OR)4j6 unit, and as in the 
case of 5, the core can be described as consisting of a central [Mn4 plane 
(comprising Mn2, Mn3 and s.e) with two Mnl and Mnl' ions, located above and 
below the plane (Figure 2.15) at a distance of ±1.167 A. The Mn"' ions are Mn3 and 
Mn3', with the JT elongations being Mn3-014 (2.148 A) and Mn3-021' (2.303 A) 
and s.c at an angle of-57 ° with respect to the [Mn4] plane, as in 5. 
All Mn ions are six-coordinate adopting distorted octahedral geometries, 
except Mn2, Mn2' which are pseudo seven-coordinate, displaying a long bonding 
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distance to 022 (and s-e) of 2.818 A. Both tripodal alcohol ligands are fully 
deprotonated, thme 3 , coordinating in a ;73:,73:112 -.,U5-fashion, bridging five metals, 
while the acetates adopt two different coordination modes; six of them are in the 
usual i':': 1u-bridging mode, while the remaining two bond in a '7 2:ii 1 .,u-fashion. The 
coordination spheres of the peripheral Mn ions are completed by terminal pyridine 
ligands. 
1Mn12(Hthme)8(thme) 2(py)2Br8 1 (7), crystallizes in the triclinic space group 
Pr (Figure 2.16; selected bond lengths and angles are given in Table A.2.10). The 
core consists of a non-planar [Mn "6Mn uu16(9OR)I4(3..0R) 8} 8+  unit with Mn2, Mn4, 
Mn5 (and s.e) being the Mn" 1  ions, and can be described as consisting of eight edge-
sharing [Mn3(OR)] triangles which are linked together forming a central [Mn, o] 
plane (Figure 2.17). Alternatively, it can be described as four edge-sharing [Mn 402] 
butterfly ('planar diamond') units. The six Mn"' display Jahn-Teller elongations 
(Mn2-024, 2.260 A; Mn2-033, 2.178 A; Mn4-036, 2.222 A; Mn4-044, 2.225 A; 
Mn5-035, 2.225 A; Mn5-034, 2.290 A; and s.e), which are co-parallel at an angle 
of-70° with respect to the [Mn, o] plane. The two peripheral Mn" ions Mnl (and s.e) 
lie above and below the [Mn O] plane at distance of 2.507 A. The ten central Mn ions 
are in distorted octahedral geometries, whereas the two outermost ions (Mnl and 
Mn P), can be considered five-coordinate. 
There is a range of structural types intermediate between the idealized square-
pyramidal and trigonal-bipyramidal In a five-co-ordinate system such as that 
represented in Scheme 2.1, ideally square-pyramidal geometry is associated with a 
13 = 180°, for A as the axial ligand (13 is the greater of the basal angles, BMC). For 
perfectly trigonalbipyramidaj geometry, a becomes 120° and BMC the principal 
axis. In the great majority of real square-pyramidal systems M is displaced out of the 
BCDE plane [7] toward A, so that these C4 geometries usually have a = 13  < 180°, 
and can be characterized by the value of (13 - a), which is 0° for a C4, and 60° for a 
DA co-ordination polyhedron. 
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Figure 2.16. The crystal structure of complex 7. Colour scheme: Mn: purple; 0: red; N: blue; C: grey; 
Br: green. 
Figure 2.17. The core of complex 7. Colour scheme: Mn(lIl): purple; Mn(ll): pink; 0: red. 
The two fully deprotonated ligands, thme 3 , are located directly above and 
below the [Mn io] plane bridging in a i 3 :i 3: 2: 1u5-fashion to five metal centres that 
describe three edge-sharing triangles. The other eight tripodal ligands are doubly 
deprotonated (Hthme 2 ) and coordinate in two different ways: two in a 
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fashion linking five metals into three edge-sharing triangles; and six in a 
fashion linking three metals in a near-linear array. Four of the eight bromides are 
coordinated terminally to the Mn" ions in the central [Mn io] plane, with the 
remaining four bonded to the peripheral five-coordinate Mn" ions. The coordination 
sphere of these ions is completed by two terminal pyridines. For complex 7, the 
closest intermolecular MnMn distance is 11.29 A between adjacent sheets, and 7.89 
A within the same sheet (Figure 2.18). 
In all cases, the oxidation states of the metal ions were assigned using a 
combination of bond length, charge balance considerations and BVS calculations 
(Table 2.1) [8]. 
• 	 __ 
- 
' I• 	 •__ •a_ - n 
Figure 2.18. The packing of the molecules of 7 in the crystal, viewed parallel to the [Mn ]2 ] inner. 
Colour scheme same as complex 1. 
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Scheme 2.1. Ranges of structural types intermediate between the idealized square-pyramidal and 
trigonal-bipyramidal in five-coordinate systems. 
Table 2.1. Bond valence sum calculations for complexes 1-7. 
Complex 1 Complex 2 Complex 3 
Atom Mn2 Mn3 ' 	 Mn4 ' Ox. Mn 2 Mn3 	Mn4 ' Ox. Mn2 ' Mn3 Mn4 Ox. 
Mnl 3.47 3.20 	3.14 3+ 1.78 1.63 	1.60 2+ 1.78 1.64 1.61 2+ 
Mn2 2.13 1.97 	1.93 2± 2.07 1.91 	1.87 2+ 3.45 3.18 3.32 3+ 
Mn3 1.75 1.62 	1.59 2+ 3.46 3.19 	313 3+ 2.13 1.96 1.92 2+ 
Complex 4 Complex 5 Complex 6 
Atom Mn2 Mn 	Mn4 Ox. Mn 2 Mn 	Mn 4 Ox. Mn 2 Mn3 	Mn 4 Ox. 
Mnl 3.48 3.22 	3.15 3+ 1.97 1.85 	1.81 2+ 2.05 1.96 	1.88 2+ 
Mn2 2.12 1.95 	1.92 2+ 2.12 1.96 	1.92 2+ 2.00 1.84 	1.81 2+ 
Mn3 2.19 2.02 	1.98 2+ 3.39 3.12 	3.06 3+ 3.35 3.09 	3.03 3+ 
Complex 7 
Atom Mn2 	Mn 3 	Mn4 	Ox. 	Atom Mn 2 ' Mn3 Mn4 Ox. 
Mn! - 	 - 	 - 	 2+ 	Mn4 3.44 3.18 3.12 3+ 
Mn2 3.47 	3.20 	3.14 	3+ 	Mn5 3.43 3.17 3.11 3+ 
Mn3 1.85 	1.64 	1.61 	2+ 	Mn6 1.82 1.65 1.63 2+ 
The structures of complexes 1-6 are clearly related (Figure 2.19). Complexes 
1-6 consist of four edge-sharing [Mn 3] triangles forming 'rods' of 8.45, 8.42, 8.40, 
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Figure 2.19. Comparison of the metallic cores of complexes 1- 6. 
8.38, 9.23, 8.96 A in length, respectively. In complexes 1-4 all six Mn ions 
effectively lie on the same plane. In contrast, in complexes 5 and 6 there are two 
peripheral Mn ions which lie above and below the central [Mn 4 ] plane. The metal 
topology in each case may be considered to be directed by the presence of the two 
95-tripodal ligands sitting directly above and below the 'metal plane' (Figure 2.2). 
Although the central {Mn 1112Mn U2(p.-OR)4(p.3-OR)2 } rhomb present in all complexes 
1-7 is planar, there are some subtle differences in Mn-O-Mn angles (Scheme 2.1 and 
Table 2.2) in this unit that are crucial for the magnetic behaviour of the complexes 
(vide infra). Although there is no obvious trend, complexes 5 and 6 (in general) 
display smaller a, b and d angles and larger c and e angles. The [Mn 111 2Mn"2] rhomb 
is connected to the two peripheral Mn" ions in different ways in 1-6: via only one p-
0 atom in complex 5; via one 93- and one 1u-0 atoms in complex 6; and via one ps.-
and two u-0 atoms in complexes 1-4 (Figure 2.19). 
This planar unit is connected to the two peripheral Mn 11 ions in different ways 
in 1-6; In complex 5, two of the four 1u-OR alkoxides further bridge to the remaining 
terminal Mn" ions, thus becoming p3-OR, while in 6 this is combined with the 
Will 
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Scheme 2.2. The schematic structure of the central {Mn' 11 2Mn"2(ji-OR)4(g3 -OR)2 } rhomb found in 
complexes 1- 7. 
presence of two 1u-OR (from the monoatomic acetate bridge), forming the 
core. In complexes 1-4, the [Mn"4Mn III 2Qi-OR)6(.t3-
OR)4}4  unit is formed by the precursor {Mn4(j.t-OR) 4(j.i3 -OR)2 } in the same way as in 
6 upon further addition of two u-OR alkoxides (one from the monoatomic bridge of 
the acetate and one from the monoatomic bridge of the du-OR arm of the H2tea 
ligand). In complex 7, the [Mn 6Mn hhI6(J.tOR), 4(Ij3 OR)gJ 8+  is formed by four edge-
sharing {Mn4jt-OR)4(1.t3-OR) 2 } butterflies giving a [Mn, o] plane. This plane is 
connected to the two peripheral Mn" ions by four du-OR alkoxides (from the 
monoatomic bridge of the IL-OR arm of four different Hthme ligands). 
Table 2.2. Bond angles for the planar {Mn"2Mn"2(j.i 2-OR)4 (j.t3 -OR)2 } unit in 1-7. 
Angles (°) 
Complex a b c d e 
1 99.1(2) 95.5(1) 98.7(3) 100.9(1) 98.1(1) 
2 99.2(3) 95.9(0) 99.3(2) 101.9(6) 98.6(0) 
3 99.6(8) 95.9(1) 99.5(5) 101.4(4) 97.6(1) 
4 97.0(1) 95.5(1) 96.1(2) 107.6(3) 104.6(1) 
5 98.8(l) 89.5(1) 104.8(1) 99.4(3) 102.7(3) 
6 97.6(1) 90.3(1) 108.2(6) 97.1(7) 103.2(4) 
7 95.7(3) 95.6(5) 112.8(0) 83.5(3) 77.2(6) 
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This planar diamond {Mn"2Mn"2(l.t2OR)4( 3 oR)2 } core is rather common 
in manganese carboxylate chemistry and has been previously reported in the 
tetranuclear complexes (a), 
[Mn 1112Mn 2(hmp)6(NO3)4} (b), [Mn' h '2Mn2(llmp)4(acac)2(MeO) 2 ] 2+ (c) [9], 
[Mnh ' f2Mn2(OAc)2(pdmH) 6J 2+ (d) [10], [Mnh"2Mn"2Br2(FImp)6(H20)2] 2+  (e) [11], 
[Mn"2Mnu'2(OAc)2(LH)2(LH2)2(H20)212+ (1) [12], 
{Mn"2Mn 112(02cph)2(LH)2(LH2)2(H 20)2 1 2+  (g) [12], and [Mn 1I '2Mn"2(02CEt)2(LH)2 
(LH2)2(H20)2] 2  (h) [12], (where hmpH = 2-hydroxymethylpyridine; pdmH2 
pyridine-2,6-dimethanol; LH3 = triethanolamine); in the heptanuclear complex 
[Mn ... 5 Mn' '2(02CPh)9(thme) 2(py)3 1 (1) [2b]; in the octanuclear complex 
[Mn4Mn114(piv)2(tmp)2(Htmp) 4Br4(H 2 O)2] (j) [2c]; and in the dodecanuclear 
complex [Mn 1t1 1oMn 11204(OH)2(O2Cph),2(flljne) 4(py)2] (k) [2b]. The [Mn ... 2Mn"4(t-
OR)6(t3-OR)4] 4  core of complexes 1-4 has been seen previously in the hexanuclear 
complex {Mn III 2Mn"4(OAc)6(thme)2(H,tea) 2} (I) [2b], while the [Mn"2Mn" 4 (j.i-
OR)4(p3-OR)4] 6-i-  core of 6 has been previously reported in the complex 
[Mn'112Mn"4(piv)8(tmp) 2(py)2] (m) [2b]. However, to the best of our knowledge, the 
[Mn2Mn2(OR)2(3oR)4 J 8+  topology of complex 5 is observed for the first time. 
"Reverse" rhomboidal clusters with {Mn"2Mn 1113o}(x= 2 and 3) cores in which the 
Mn"' ions are the wing tips and the Mn" ions are the body ions have also been 
reported [1 2b]. 
Magnetic Studies 
> Dc Magnetic Studies 
Direct current magnetic susceptibility studies were performed on 
polycrystalline samples of complexes 1, 3-6 in the 5 - 300 K range in an applied 
field of 0.1 T. The results are plotted as the %MT product vs T (Figure 2.20). The XMT 
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Figure 2.20. Plot of XMT vs. T for complexes 1, 3-6 in the 5-300 K temperature range in a field of 0.1 T. 
values at 300 K are 24.20, 21.92, 26.72, 23.49 and 23.10 cm  K mo! 1 for 1, 3-6, 
respectively, close to the spin-only (g = 2) value of 23.5 cm  K mol' expected for a 
[Mn6] unit comprising two high-spin Mn and four high-spin Mn" ions. For 
complexes 1, 3 and 4, the XMT value remains essentially constant as the temperature 
decreases until Ca. 50 K where it then decreases rapidly to a value of 6.02, 5.93 and 
3.84 cm  K moi 1 at 5 K respectively. For complexes 5 and 6, the room temperature 
XMT values of 23.49 and 23.10 cm  K mol', decreases gradually as the temperature 
decreases until Ca. 125 K when they both begin to decrease more rapidly and steadily 
to the 7.56 and 9.42 cm  K mol' at 5 K, respectively. For complex 7, the behaviour 
is rather similar: the room temperature XMT value of approximately 43.15 cm  K 
moF' (0.1 T) is slightly lower than that expected for a complex comprising four 
Mn"' and four Mn" ions- 44.24 cm3 K moF' with g = 2.00- (Figure 2.21). The value 
of XMT remains almost constant as the temperature is decreased until Ca. 50 K where 
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Figure 2.21. Plot ofxMT vs. T for complex 7 in the 5-300 K temperature range in a field of 0.1 T. 
all cases, this behaviour is consistent with the presence of dominant 
anti ferromagnetic interactions between the metal centres, with the low-temperature 
values indicating relatively small, S 4, spin ground-states for 1, 3-6 and S = 0 or I 
for 7. 
In order to determine the ground states of complexes 1-7, variable 
temperature, variable-field dc magnetization data were collected in the ranges 1.8 
- 
10 K and 0.1 - 7 T. The data were fitted by a matrix-diagonalization method to a 
model that assumes only the ground-state is populated, includes axial zero-field 
splitting (D~ .2), and carries out a full powder average [13]. The corresponding 
Hamiltonian is given by: 
H=Dk2+guu0jj 	 (I) 
where D is the axial anisotropy, PB is the Bohr magneton, uO is the vacuum 
permeability, 9Z  is the easy-axis spin operator, and His the applied field. 
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Figure 2.22. Plot of reduced magnetization (M/N,uR) vs. HIT for complexes 5 (left) and 6 (right) in the 
ranges 0.1 —4 T and 1.8 —6K. The solid lines are the fit ofthe data toanS=4, D = -0.44 cm' and  
= 1.82 (for 5) and  = 4, D= -0.58 cm ' and g = 1.97 (for 6). 
For complexes 1-4 and 7, no satisfactory fit of the data was possible since the 
magnetization rises almost linearly with applied magnetic field indicating the 
existence of small (S 0) spin ground states with the presence of many low-lying 
excited states of larger multiplicity that become populated with increasing field. 
Low-lying excited states are a common problem in large clusters, particularly when 
there are multiple Mn" ions present, as is the case here, since these give weak 
exchange interactions. The data for complexes 5 and 6 are plotted as reduced 
magnetization (M'NPB) versus HIT in (Figure 2.22). The best fits (obtained using 
only the low field data (< 4 T)) gave S = 4, g = 1.82 and D = -0.44 cm-1 for complex 
5 and S = 4, g = 1.97 and D = -0.58 cm-1 for complex 6. When fields up to 7 Tesla 
were employed a poorer quality fit was obtained. This is characteristic of low-lying 
excited states with S values greater than the ground state of S = 4. Clearly the g-value 
for 5 is well below the expected value e.g. 1.95 - 2.00 for such a complex and is a 
direct consequence of assuming only the ground state is populated. This is unlikely 
to be true. A more accurate determination of g (and all the parameters in equation 
(1)) will require HF-EPR spectroscopy and INS. 
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> Ac Magnetic Studies 
Ac magnetization measurements were performed on complexes 1-7 in the 1.8 
to 10 K range in zero applied dc field and a 3.5 G ac field oscillating at 50-1300 Hz 
(Figure 2.23). For complexes 1-4 and 7, extrapolation of the in-phase XA/T signal to 0 
K suggest the existence of S = 0 spin ground states. In addition, the slope of the plots 
all decrease rapidly with decreasing temperature revealing the presence of several 
spin states of larger S values lying very close to the ground-state, consistent with the 
dc data. 
For complexes 5 and 6 frequency-dependent out-of-phase (,) ac 
susceptibility signals are seen below approximately 2.5 K, but no peaks are observed 
and the magnitude of the signals are small (Figure 2.24; for well-established SMMs 
xü" and XAIT are roughly of the same order of the magnitude). For 5, the in-phase 
XM'T signal increases slightly with a decrease in the temperature, while for 6, the 
signal decreases. This is consistent with the presence of excited states with smaller 
and larger S values, respectively. The magnitudes of the in-phase XMT vs T signals 
support the assignment of S=4 ground states for both complexes. 
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Figure 2.23. Plots of the in-phase (KM) signal in ac susceptibility studies vs. temperature in a 3.5 G 
field oscillating at the indicated frequencies, for complexes 4 (left) and 7 (right). 
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Figure 2.24. Plots of the in-phase ()M')  signal as yT and out-of-phase (KM)  signal in ac susceptibility 
studies vs. temperature in a 3.5 G field oscillating at the indicated frequencies, for complexes 5 (left) 
and 6 (right). 
> Single-Crystal Hysteresis Studies 
The S and D values obtained above for 5 and 6 suggest that these complexes 
may exhibit single-molecule magnetism behaviour, with upper limits to the potential 
energy barrier (U) to magnetization reversal of U = S2 IDI 7.0 cm -1 (-10 K) and 9.3 
cm' (--13 K), respectively. To probe the possible SMM behaviour further, single 
crystal hysteresis loop and relaxation measurements were performed using a micro-
SQUID setup [14]. Figures 2.25 and 2.26 present typical magnetization (M) vs. 
applied dc field (11) measurements at different temperatures and scan rates with the 
field applied in the direction of the easy axis; the applied magnetic field was swept 
between —1 and 1 Tesla. 
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Figure 2.25. Single crystal magnetization (Al) of 5 vs. applied magnetic field (If), the magnetization is 
normalized to its saturation value. The resulting hysteresis loops are shown at different temperatures 
and field sweep rates. 
For complex 5, the data obtained at 0.04 K show hysteresis loops with a very 
large step at zero field (Figure 2.25). A step indicates the occurrence of rapid 
relaxation of the magnetization at a given magnetic field where a level crossing is 
avoided. At H = - I T all the molecules are in the M +4 state. When the field is 
swept in a positive direction there is resonance between the +4 and -4 M5 levels at H 
= 0, and part of the molecules tunnel. The height of the step, in this case, indicates 
that the tunneling process is relatively fast. Upon increasing the field above zero, 
another step corresponding to the molecules tunneling from the Ms = +4 to the M5 = - 
3 sub-level should occur at H z D/gUB. However, for systems with relative large 
tunnel splittings like complex 5, a direct relaxation process between the M5 = +4 
ground state levels becomes possible. This leads to a smeared step which is further 
broadened by very weak intermolecular interactions (exchange and dipolar). When 
the same experiment is carried out at higher field sweep rates (Figure 2.25) the 
number of molecules tunnelling at zero field decreases and the hysteresis loop is 
larger. In the variable temperature experiment hysteresis loops appear below Ca. T = 
0.4 K indicating that below this temperature the magnetization is blocked. As the 
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Figure 2.26. Single crystal magnetization (M) of 6 vs. applied magnetic field (H), the magnetization is 
normalized to its saturation value. The resulting hysteresis loops are shown at different temperatures 
and field sweep rates. 
activation also decreases and those relaxing by tunnelling increase, resulting in a 
narrowing of the hysteresis loop with a sharper step at H =0. 
Complex 6 shows similar behaviour, but with the blocking of the 
magnetization appearing below approximately 0.7 K and a pronounced sweep rate 
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+-0.7 T. We used minor hysteresis loops (inset of Figure 2.26) to assign these steps 
[15]. The step at +-0.7 T is due to tunneling from the M5 = +4 to the M5 = -3 sub-
level and the step at +-0.56T is due to spin-spin cross-relaxation (SSCR) [16]. This 
phenomenon is the result of weak dipolar and intermolecular exchange interactions 
between two (or more) SMMs in the crystal. A transition (i.e. one molecule 
transferring to a lower energy state and one to a higher energy state) can occur if 
SMMs are coupled because the transverse terms of the interaction allow a tunnel 
splitting between two quantum states. It is important to note that SSCR occur in 
almost all SMMs, but are often covered by other effects, for example, the direct 
relaxation processes for compound 5. 
Theoretical Studies 
The calculation of magnetic exchange interactions between two (or more) 
metal centres using density functional theory (DFT) is a new and appealing 
approach. In order to gain further insight into the electronic structure of these 
hexanuclear species, DFT calculations have been performed on 1-6 by Dr. Joan Cano 
of the theoretical magnetic group in Barcelona. In earlier decades, several qualitative 
models were proposed to calculate the exchange interactions in dinuclear complexes 
and two important models were widely employed: the Hey-Thibeault-Hoffman 
model (HTH) [17] and the Kahn model [18]. However, both used several 
approximations such as the active electron approximation, whereby only the unpaired 
electrons of the metal are taken into account while the contributions from core 
electrons are ignored, and subsequently both models did not provide good estimates 
of the J values compared to experiment. Later, Noodleman developed the broken 
symmetry model based on non-orthogonal magnetic orbitals, that has proven to yield 
good numerical estimates of the J constant, even for very large systems [19-21]. The 
exchange interaction can be evaluated from the energy difference between the high 
spin state and the broken symmetry state using the following expression [20]: 
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= 2(E8 - EH ) 
(2) 	 SHS(SHc+1) 
where EHS stands for the energy of high spin state, EBS stands for energy of broken 
symmetry state and SHS  is the spin on the metal centres. This method has recently 
been successfully extended to encompass polynuclear complexes by Alvarez and co-
workers who proposed a pairwise interaction model to calculate the magnetic 
exchange interactions [20-23]. 
Here we have employed the same approach to calculate the five different 
exchange interactions present in complexes 1-6. Although all are structurally very 
similar, being hexanuclear and presenting the same central {Mn T11 2Mn"2(OR) 6 } core 
and with only small differences in bond lengths and angles, they display remarkably 
different magnetic properties: complexes 1-4 have diamagnetic spin ground states 
whilst 5 and 6 are SMMs. DFT calculations were performed using the B3LYP 
functional with Ahlrich's triple--quality basis set on the metal atoms and a double-
4-quality basis set on the others. All the calculations have been performed using the 
Jaguar (version 5.0) program [24]. 
The five different exchange interactions in 1-6 are illustrated in Figure 2.27. 
The structural cores are similar to a family of manganese compounds reported 
previously by the Brechin group and therefore the same calculation procedure has 
been adopted here to compute the magnetic exchange interactions [2b]. The 
structures can be broken down into three different types: complexes 1-4, complex 5, 
and complex 6 (Figure 2.19), and the calculations have been performed on the crystal 
structures of 4-6. The bridging units that mediate the exchange between the metal 
centres, their important structural parameters together with the DFT-calculated J 
constants are given in Table 2.3. For complex 4, the strong interactions are J 1 , J2 and 
J5 and all are antiferromagnetic in nature. J3 is calculated to be ferromagnetic, while 
J4 is antiferromagnetic, but very small. Assigning the spins on the metal centres 
based on the calculated sign of the J values immediately reveals that for 4 the spin 















Figure 2.27. The different exchange interactions present in complexes 1-6. 
ground state is S = 0, which arises directly from the non-competing 
antiferro/ferromagnetic interactions: Mnl, Mn4, and Mn6 will be 'spin-up' while 
Mn2, Mn3 and Mn5 will be 'spin-down'. Although complexes 5 and 6 are different, 
the structural parameters which control the magnitude and sign of the J values are 
very similar and only the strength of the calculated J values differs between 5 and 6: 
Jj and J2 are antiferromagnetic while the remaining interactions are ferromagnetic. 
Assigning 'spin-up' and 'spin-down' based on the calculated sign of the J values, 
results in an S = 4 ground state: Mn2, Mn4, Mn5 and Mn6 being 'spin-up', Mnl and 
Mn3 being 'spin-down'. 
The magnitude and sign of the DFT calculated exchange interactions can be 
rationalized with the structural parameters summarized in Table 2.3. The interaction 
between high spin Mn" ions and high spin Mn 11' ions becomes less antiferromagnetic 
at larger Mn-O-Mn angles [2b]. If there are different bridging units (u-OR vs. 4u-
02CR) that mediate the exchange between metal centres then orbital counter-
complementarity effects must also be considered. This changes the energies of the 
magnetic orbitals and thus greatly influences the magnetic exchange, and is 
particularly important when the exchange interactions are small. For example, in the 
case of J1, although the angles in 5 and 6 are larger than in 4, the strength of the Js 
are similar, and this is attributed to the counter-complimentary effect of the 
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Figure 2.28. Ground state spin density distribution in complex 5. 
dissimilar bridging units found in 5 and 6. The interactions which are responsible for 
the 'switch' in ground state between these two sets of compounds are J4 and .15 : both 
interactions are antiferromagnetic in 4, but ferromagnetic in 5 and 6. Although the 
Mn-O-Mn angles of all three complexes are close, the additional carboxlyate bridge 
present in 5 and 6 changes the nature of interaction. J5 describes the interaction 
between the two central high spin Mn"' ions. Here, larger Mn-O-Mn angles favour an 
anti ferromagnetic interaction (4), and smaller Mn-O-Mn angles a ferromagnetic 
interaction (5, 6). Thus, a subtle change in the angle alters the sign of Jj seen in 
complex 4 to that seen in 5 and 6, leading to a diamagnetic ground state for 4 and S = 
4 ground states for 5 and 6. 
The calculated spin density plot of the ground state spin structure for complex 
5 is shown in Figure 2.28. The modulus of the spin density on the Mn" and Mn" ions 
is very close to the free ion values (4.80 and 3.89) and thus very little spin density is 
distributed to the bridging ligands. The mechanism of the spin density distribution 
for the Mn" ions is an interplay between spin delocalization and spin polarization 
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with the predominant effect being spin delocalization, and thus the ligand atoms 
coordinated to the metal atoms have same spin as the metal. For the Mn .. ions both 
spin delocalization and spin polarization operate, with spin delocalization 
predominating along the Jahn-Teller elongated axes. Such a spin distribution has 
been previously observed in a trinuclar Mn complex [25]. 
Table 2.3. Structural parameters and DFT calculated f-values for 4-6. 
complex 4 complex 5 
bridging ligand d(Mn-Mn) 
(A) AFT 
. 	 . 	
. bridging ligand d(Mn-Mn) 
'DET 
.11 t-OR(2.1 15; 97.1 
) 3.177 -7.1 .t-OR (2.I62; 116.6) 
(A) 
3.685 	-7.6 It-OR (2.005; 104.6) i.t-02CR (2.131; 126.0) 
J2 It-OR (2.201; 95.8) 3.267 -7.8 u-OR (2.366; 96.7) 3.534 	-5.0 It-OR (2.237; 93.8) 9-02CR (2.111; 134.5) 
Jt-O,CR(2.117; 130.3) It-0,CR(2.108; 135.1) 
J3 It-OR (2.270; 96.1) 3.337 +2.6 I.t-OR(2.073; 104.8) 3.289 	+6.8 It-OR (2.090; 107.7) t-OR (2.149; 99.9) 
.14 IL-OR (2.098; 99.4) 3.205 -0.9 It-OR (2.246; 89.5) 3.163 	+0.2 lI-OR (2.034; 103.6) It-OR (2.021; 102.7) 
.i-02CR (2.090; 257.8) 




Ji u-OR (2.100; 118.9) 3.621 -5.2 
9-02CR(2.I36 	129.3) 
"2 ji-OR(2.155: 102.9) 3.369 -2.2 
u-OR (2.388; 89.6) 
jt-07CR (2.129; 131.3) 
J3 It-OR (2.222; 97.2) 3.354 +0•5 
u-OR (2.068; 108.3) 
J4 u-OR (2.245; 90.3) 3.185 +2.1 
n-OR (2.029; 103.2) 
Il 02CR (2.069; 129.4) 
.15 jt-OR(2.125; 97.7) 3.208 +4.9 
It-OR (2.125; 97.7) 
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Conclusions 
The use of tripodal alcohols has led to the synthesis of a family of 
hexanuclear (and one dodecanuclear) mixed-valent. rod-like Mn complexes whose 
structures are all based on edge-sharing triangles. Despite the structural similarities, 
their magnetic behaviour ranges from diamagnetic spin ground states to single-
molecule magnetism, and this has allowed us to examine the effect that subtle 
changes in geometry have on the nature of the individual pairwise exchange 
interactions that govern the resultant ground states. The interactions which are 
responsible for the 'switch' in ground state from S = 0 to S = 4 (for the hexanuclear 
complexes) between the two sets of compounds differ only in terms of small changes 
in bridging angles, and in the presence of an additional carboxylate bridge that 
introduces a counter-complementarity effect. Both affect the relative magnitude of 
the various exchange interactions, ultimately leading to a diamagnetic ground state 
for 4 and S =4 ground states for 5 and 6. 
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Chapter 3 
"High Spin Mn Wheels" 
Introduction 
SMMs vary in nuclearity from two to eighty-four and form a plethora of 
aesthetically pleasing topologies ranging from simple dimers, triangles and cubes, to 
discs, icosahedra and wheels [1-4]. This latter class of complexes are extremely rare 
in Mn" chemistry despite being rather common for Fe"', Cr" and V " [5-8], though 
there are reports of isostructural Fe and Mn clusters: for example 
[Mn ... (C !4H9N203)(MeOH)J, 0 and [Fe ll]  (C 14H9N203)(MeOH)], 0 [7a]. 
The nuclearity of Mn wheels varies from six to eighty-four and can be 
divided into three main categories. The first describes metal-centered complexes or 
'metallocycles' [7a-g] with the most common being the heptanuclear 
{ clusters (neutral, anionic or cationic), examples of which include 
{Mn" [Mn"2Mn"4C16(L3)6] } 	(L= 	N-n-butyldiethanolamine) 	(a), 
{ Mn"[Mn"2Mn"4(OMe), 2(dbm)6J } (Hdbm= dibenzoyldimethane) (b), 
{ Mn" [Mn"2Mn' ' '4C16(L4)6] } (H3L= N-(2-hydroxy5nitrobenzy1)iminodiethanoI) (c), 
(Mn" [Mn"2Mn"4C1 6(L' .5.6)61) - (H2L' .5.6= N-methyl-, Nethyl-,and N-benzyl-
diethanolamine) (d), (Mn u! [Mnul2Mnul 4Cl3(OH)3 (hmp)9]} 2+ (Hhmp= 2- 
hydroxymethylpyridine) (e), and { Mnl[Mni2MnuI4(HL2)3(L2)3] 2+ (H3L2= 
triethanolamine) (f). The second contains wheels built from simple linked 
'mononuclear units' sometimes referred to as "single-stranded loops" [7a-fl, 
examples of which include: [Mn III (C,4H9N203)(MeOH)J, 0 (C,4H9N203= N-
phenylsalicyihydrazidate) (g), [Mn6"(hfac), 2(NITPh) 6] (hfac= 
hexafluoroacetylacetonate; NITPh= 2-phenyl-4,4,5 ,5 -tetramethyl-4,5-dihydro- I H-
imidazolyl-I-oxyl 3-oxide) (h), [Mn"6Mn"o(OAc) 14(mdea) 3] (mdea= N-
methyldiethanol amine) (i), [Mn"4Mn"4(O 2CCH2'Bu) , 2(teal-1)4] (teaH 3= 
triethanolamine) (j), and [Mn"gMn"g(OAc),6(teal-J), 2] (k). The third category 
consists of wheels based on repeating polymetallic units [8] such as cubes or 
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Scheme 3.1. The bonding modes employed by a variety of ligands for the assembly of Mn-wheels. 
triangles examples of which include [Mn!V6Mnhh18(bpy)24(OAc)6(N3)6(tmp)12]12+ (bpy 
me 
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= 	bipyridine; 	l-I3tmp 	= 	1,1,1 -tris(hydroxymethyl)propane) 	(1) 	and 
[Mn ... 84072(OH)6(OMe)24(OAc) 78(MeOH) 1 2(H20)42 1 (m). An interesting point is the 
similarity of the ligands/co-ligands used to generate the above complexes - the most 
commonly employed being carboxylates in combination with alkoxides each 
bridging in a p-coordination mode (though in some cases end-on (a) azides or 
analogous N-based ligands fulfil the role of the alkoxides). Scheme 3.1 shows 
examples (a-m) of how such ligands bridge Mn centers forming the curvature 
necessary for wheel formation. 
Herein we describe the syntheses, structures and magnetic properties of three 
Mn wheels which belong to the third category of compounds - unusual [Mn ]6] and 
[Mn22] clusters formed from self-assembled 'rod-like' and 'sheet-like' moieties [9]. 
The three complexes [Mn 1  v4Mnhl!i oMn' 1202(OMe) 1  2(tmp)s(OAc), o] (8), 
[Mn'2Mn" 1  gMn"206(OMe) 14(OAc), 6(tmp)8(HIm)2} (9), 
[Mn"2Mn III  1  8Mn 11 206(OMe) 14(OAc) j  6(Br-mp)8(HJm)2] (10) are high-spin molecules 
that behave as SMMs. 
Experimental Section 
All manipulations were performed under aerobic conditions using 
[Mn30(OAc)6(HJm) 3}.(QAc) prepared as previously described [10]. 
> Synthetic Procedures 
IMn"4Mn" i oMn"202(OMe) ,2(tmp)8(OAc)I o]  3Et2O (83Et2O). To a 
stirred red-brown solution of [Mn30(OAc) 6(HJm)3 ].(OAc) (0.500 g, 0.60 mmol) in 
MeOH (20 ml) was added solid H3tmp (0.067 g, 0.60 mmol). The mixture was 
stirred for 30 minutes, filtered and the resulting solution layered with diethyl-ether 
(Et20). After 7 days black crystals of 83Et2O formed and were collected by 
filtration, washed with Et20 and dried in vacuo. The yield was -P20 %. A sample for 
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X-ray crystallography was kept in the mother liquor to prevent solvent loss. The 
dried complex analyzed as solvent free: Anal. Calcd (Found) for C80H 1 54Mn 16058 : C, 
32.87(32.44); H, 5.3 1(5.00) %. 
IMn"2Mn 18Mn 206(OMe)14(OAc)16(tmp)8(HIm)21 2MeOH (92MeOH). 
To a stirred red-brown solution of [Mn30(OAc)6(I-JJm) 3](OAc) (0.500'g, 0.60 mmol) 
in MeOH (20 ml) was added solid H 3tmp (0.067 g, 0.60 mmol) and NaOMe (0.032 
g, 0.60 mmol). The mixture was stirred for 12 hours, filtered, and the resulting 
solution layered with diethyl-ether (Et20). After 7 days the resulting black crystals of 
92MeOH were collected by filtration, washed with Et20 and dried in vacuo. The 
yield was -15 %. The dried complex analyzed as solvent free: Anal. Calcd. (found) 
for C100H186Mn22O76N4 : C, 31.04 (31.21); H, 4.85 (5.13); N, 1.45 (1.78)%. 
EMfltV2Mfl 18Mn 206(OMe) 14(OAc)16(Br-mp)8(HIm)21 2hex5MeOH 
(102hex•5MeOH). The synthetic procedure was similar to that followed for 9 but 
with the addition of solid Br-mpH 3  (0.119 g, 0.60 mmol) instead of H 3tmp. The 
mixture was stirred for 40 minutes and then filtered, and the solution layered with 
diethyl-ether (Et20). After 2 weeks the resulting black crystals of 10'2hex5MeOH 
were collected by filtration, washed with Et 20 and dried in vacuo. The yield was --10 
%. The dried complex analyzed as solvent free: Anal. Calcd. (found) for 
C92H6oBr8Mn22076N4 : C, 25.19 (25.09); H, 3.68 (3.46); N, 1.28 (1.47)%. 
Results and Discussion 
Synthesis 
Reaction of the metal triangle [Mn"30(OAc) 6(HIm)3 ](OAc) (1-urn 
imidazole) with one equivalent of 1,1,1 -tris(hydroxymethyl)propane (H3tmp) in 
MeOH 	for 	30 	minutes 	affords 	the 	mixed-valent 	species 
[Mn1"4Mn 1 1oMn 11202(OMe)12(trnp)8(OAc) 10} (8). If the reaction is repeated in the 
presence of NaOMe and for a period of at least 12 hours, the complex 
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Scheme 3.2. The central Mn 111 10 wheel present in 8-10 (left) and its comparison to the decametallic 
wheels of general formula [M" 1 10(OR)20(O2CR) 10] (right). 
[r41lIV Mn" Ivfti" O(OMe) (tmp) (OAc) (Him) 1 (9) forms. If the latter reaction 
is repeated with 2-(Bromomethyl)-2-(hydroxymethyl)- 1,3-propanediol (Br-mpH3) 
with stirring for 40 minutes, the complex [Mn" 2Mn1ll3Mn" 1806(OMe) 14(OAc) 16(Br-
mp)8(HIm)2] (10) forms. It is difficult to speculate on the reaction pathways that lead 
to the formation of the three complexes - as is the case with all Mn cluster chemistry 
- but it has been shown previously that p5-bridging (the most commonly observed 
coordination mode for these ligands) fully deprotonated tripodal alcohols favour the 
formation of one dimensional 'rod-like' complexes in Mn carboxylate chemistry 
[3d]. Additionally the use of alcohol as solvent and the consequent presence of p-
bridging Me0 ions may also favor the formation of the inner Mn " 10 wheel (vide 
infra). Decametallic wheels of general formula [M",o(OR)2 0(02CR) 1o] (R = Me, Et 
etc.) are well known for Fe", Cr", Gal" and V" and can be made easily from the 
reaction of the appropriate M" triangle ([M"30(02CR) 6L3] (L = H20, MeOH etc.) 
with alcohol [5]. These complexes describe a near-planar circular array of M" ions 
in which each pair of metal ions is bridged by two u-alkoxides and one u- 
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carboxylate. The central [Mn 111 1002(OR) 16(02CR)8] core displayed by 8-10 is 
remarkably similar (Scheme 3.2), perhaps suggesting that the initial step in the 
syntheses is the formation of a decametallic Mn"' wheel, to which further metal ions 
are added as a result of the presence of additional bridging (tripodal) alkoxides. This 
in turn suggests that the Mn III analogue of [M 111 ,o(OR)20(02CR), 0] can be made by 
simply reacting [Mn"3O(02CR)6L3 ] species with alcohol. This is currently under 
investigation. 
> Description of structures 
Complex 8 crystallizes in a triclinic space group PT (Figure 3.1; selected bond 
lengths and angles are given in Table A.3.3). The core of 8 consists of a central near-
planar [Mn, o] single-stranded loop (containing Mn2, Mn4, Mn6, Mn7, Mn8, and 
symmetry equivalents) to which six further Mn ions are attached (Mn 1, Mn3, Mn5, 
and s.e.) - three above and three below opposite 'sides' of the Mn 10 wheel (Figure 
3.2). The metallic skeleton of complex 8 (Figure 3.5) thus describes two off-set 
stacked parallel [Mn i] 'rods' (containing Mnl-Mn7 and comprising five edge-
sharing triangles) linked by two apical Mn ions (Mn8 and s.c.) into a loop. Each 
'half of the [Mn 16030] 10 metal-oxygen core describes two [Mn 304] partial cubes 
(Mn 1, Mn2, Mn4; Mn5-Mn7) linked to a central [Mn3 0] triangle (MO, Mn4, Mn6, 
01) via the oxygen atoms of one one one P3 - 
OMe- and one 1u-OAc ligands, with the two halves then linked at the apical Mn sites 
via a combination of two du-OMe and two 1u-OAc ligands (Figure 3.2). The oxygen 
atoms of the [Mn 3 04] partial cubes are derived from two (021-
031-041 and 024-034-044), two ,u3-OMe (0110, 0111) ligands, and those of the 
[Mn30] triangles of the sole 02  ions (01 and s.e). 
Complexes 9 and 10 (Figure 3.3; selected bond lengths and angles are given 
in Tables A.3.4-7) crystallize in the orthorhombic space group Pbca. Remarkably the 
same [Mn]6030]' 0 metal-oxygen core is maintained, with two additional [Mn30 4] 
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Figure 3.1. The molecular structure of complex 8. Colour scheme: Mn: purple; 0: red; C: grey. 
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Figure 3.2. The core of complex 8. Colour scheme: Mn(H): pink; Mn(lIl): purple; Mn(IV): blue; 0: red. 
partial cubes (Mn9-Mnl 1 and s.c.) attached via the oxygen atoms of one 
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Br-mp3 (023, 033, 043), one p-OAc (060), and four 4u-OAc ligands on each side 
(one above and one below) the two 'Mn 7 rods' (Figure 3.4). Thus the metallic 
skeletons of 9 and 10 describe two off-set Mn 10 'triangular sheets' (containing Mnl-
Mnl I and s.e.) comprising nine edge-sharing triangles linked by two apical Mn" 
ions (Mn8 and s.e) into a loop (Figure 3.5). 
The tripodal alcohol ligands in complexes 8-10 are all triply deprotonated, 
tripod 3-, and bridge in two different modes for complex 8, and three for 9 and 10; 
these are shown in Figure 3.6. In 8, four adopt the 1 2:12:, 2:p3-mode (Figure 3.6a) 
and four adopt the 1 2:':,':p-mode (3.6d). In 9 and 10, two coordinate in a 
,12 :,12 :172 : 143-fashion (3.6a,e), four coordinate in a : 17 (3.6b,f), and two 
chelate (3.6c,g) - bonding only to MnI 1 (and s.e.). The Me0 ligands adopt two 
coordination modes: a p3-mode, each forming a corner of the [Mn304] partial cubes 
Figure 3.3. The molecular structures of complexes 9 (left) and 10 (right). Colour scheme: Mn: purple; 
0: red; N: blue; C: grey; Br: green. 
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(thus appearing four times in 8 and six times in 9, 10); and the simple 1u-mode, 
bridging Mn2 pairs. For 8 all the Me0 ligands are found bridging within the central 
Mn10 wheel. For 9 and 10, the one 'additional' 4u3-methoxide resides in the peripheral 
[Mn304] partial cube. The OAc' ligands in 9, 10 all bond in the expected p-mode 
(with the two HIm ligands bonding terminally to the tetrahedral Mn" ions) but in 
complex 8 one acetate (and s.e) adopts the more unusual chelating mode, bonding 
only to the five-coordinate Mn" ion. The cavities within the central Mn10 wheels are 
oval-shaped with metal-metal distances of: Mn8-Mn8' 11.15 A (8), 10.99 A (9) and 
10.93 A (10); Mn4-Mn6' 8.07 A (8), 8.37 A (9) and 8.47 A (10). 
033 Mnll 043 	 043 Mnhl 033 
023 	 023 
Mn1O 	 $ Mn9 	 MnIOS 	$ Mn9 
060 	 060 
01 Mn3 	
' 
,02 	 029Mn3 	02 
Mnl ' Mn5 	 Mnl 	 Mn5 
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Mn4 Mn6 MM Mn6 
M 	 n 
024 	Mn8 	, 	04D 	 024 	Mn8 
• 0114 	 0115—) 	 0114 01164 




Mn3' ,3 	 • 	Mn3' 
Mn5' 	 UMnII Mn5' • 	 Mnl' 
Mn9 	 Mn10' 	 Mr19'Ô 	
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Figure 3.4. The Mn-O cores for 9 (left) and 10 (right). Colour scheme: Mn(H): pink; Mn(tH): purple; 
Mn(IV): blue; 0: red. 
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All oxidation states were assigned using a combination of bond lengths, 
charge balance considerations and bond valence sum (BVS) calculations (Table 3.1) 
[11]. 
I arne 3.1. Bond Valence Sum calculations for 8-10. 
Complex 8 
Atom Mn"  Mn3 Mn*' Ox. 	Atom Mn 2 Mn 3 Mn4 Ox. 
Mnl 4.50 4.15 4.07 4+ 	Mn5 4.46 4.11 4.04 4+ 
Mn2 3.42 3.15 3.09 3+ 	Mn6 3.44 3.17 3.11 3+ 
Mn3 2.01 1.63 1.60 2+ 	Mn7 3.42 3.16 3.09 3+ 
Mn4 3.44 3.17 3.11 3+ 	Mn8 3.42 3.16 3.09 3+ 
Complex 9 
Atom Mn 2 Mn 3 Mn 4 Ox. 	Atom Mn- Mn'* Mn 4 Ox. 
Mnl 3.23 2.96 3.11 3+ 	Mn7 3.26 2.95 3.10 3+ 
Mn2 3.25 2.97 3.12 3+ Mn8 3.30 3.02 3.17 3+ 
Mn3 1.61 1.47 1.54 2+ 	Mn9 3.29 3.01 3.16 3+ 
Mn4 3.22 2.94 3.09 3+ 	MnlO 3.24 2.96 3.11 3+ 
Mn5 3.24 2.96 3.11 3+ 	MnI 1 3.89 3.56 3.74 4+ 
Mn6 3.11 2.84 2.98 3+ 
Complex 10 
Atom Mn 2 Mn3 Mn 4 Ox. 	Atom Mn 2 Mn3 Mn 4 Ox. 
Mnl 3.37 3.11 3.05 3+ 	Mn7 3.37 3.10 3.04 3+ 
Mn2 3.35 3.09 3.03 3+ 	Mn8 3.41 3.15 3.09 3+ 
Mn3 1.78 1.66 1.63 2+ Mn9 3.43 3.16 3.11 3+ 
Mn4 3.34 3.08 3.02 3+ 	MnlO 3.39 3.13 3.07 3+ 
Mn5 3.47 3.19 3.14 3+ 	Mnl 1 4.41 4.07 3.99 4+ 
Mn6 3.40 3.14 3.08 3+ 
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Figure 3.5. Metallic skeletons of complexes 8 (left) and 9, 10 (right). Colour scheme: Mn(ll): pink; 
Mn(ill): purple; Mn(IV): blue. 
Figures 3.7-8 show the packing diagrams of complexes 8 and 9/10, 
respectively. Complex 8 crystallizes in the triclinic space group PT and contains two 
'half' [Mn 16] molecules in the unit cell such that the clusters are orientated in the 
same direction throughout the crystal. There are 'no' inter-molecular H-bonds (see 
cif for details of disordered Et20), with the shortest intermolecular interactions of 
3.3 A between the methyl group of an acetate on one molecule and an 0-atom of an 
acetate ligand on its neighbour (Figure 3.7). Complexes 9 and 10 crystallize in 
orthorhombic space group Pbca and contain four [Mn22] molecules per unit cell, 
oriented in two different directions. Here the intermolecular H-bonds are extensive: 
the 0-arms of the terminally bound tripod 3-  ligands H-bond to either a MeOH solvate 
molecule (e.g. 05-039, 2.860 A) or to an imidazole on a neighboring molecule; the 
protonated N-atom of the HTm ligands H-bond to OAc ligands on neighbouring 
molecules (e.g. N2-04, 2.882 A; N2-07, 2.925 A), as do the MeOH solvent 
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(a) 	 (b) 	 (c) 	 (d) 
(e) 	 (I) 	 (g) 
Figure 3.6. Coordination modes of the tripod' - ligands, H3tmp and Br-mpH 3 , in complexes 8-10. 
Colour scheme: Mn: purple; 0: red; C: grey; Br: green. 
molecules. The closest distance between individual [Mn22] molecules occurs between 
the protonated N-atom of the HIm ligand and the 0-atoms of the tripod 3 ligand (e.g. 
N2-022, 2.935 A). For all three compounds the clusters pack in a 'head-to-tail' 
fashion forming an overall serpentine-like or zig-zag packing of the molecules in the 
crystal. For 9 and 10 the peripherally attached [Mn 304] partial cubes enhance the "S-
shape" of the individual [Mn22] clusters with respect to the [MJL ]6] molecule making 
this packing motif even more pronounced (Figure 3.8). 
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Figure 3.7. A "side-view" (i.e. parallel to the Mn 10 inner wheel) of complex 8 highlighting its "S-
shape" (top left). The packing of molecules of 8 in the crystal, highlighting the "serpentine-like" 
chains (top right), and the "figures-of-eight" chains (bottom), viewed parallel and perpendicular to the 
Mn 10 inner wheels, respectively. 
80 

















:T!i t : 
•f4 )21). 
44 




 •e 	. 	:,.. 	' 
SA 
.L4I 





Figure 3.8. A "side-view" (i.e. parallel to the Mn 10 inner wheel) of complex 10 highlighting its "S-
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Magnetic Studies 
> Dc Magnetic Studies 
Dc magnetic susceptibility measurements (KM)  were performed on powdered 
crystalline samples of 8-10 in the temperature range 5-300 K under an applied field 0.1 
T. These are plotted as ZMT vs T in Figure 3.9. For complex 8 the XMT value at 300 K 
of 47.4 cm  K mol' is higher than the spin-only (g = 2) value of 46.3 cm 3 K mol' 
expected for two Mn", ten Mn" and four Mn" ions. Upon cooling the ZMT value 
increases slightly to a value of 51.4 cm  K mor 1 at 50 K, then increases rapidly and 
reaches a maximum value of 88.4 cm  mol' K at 6.5 K before falling to 87.9 cm 3 K 
mo! 1 at 5 K. The low temperature (maximum) ZMT value suggests a spin ground state 
of S= 14±1 (88.4 cm  Kmol'). 
The room temperature ZMT value for complex 9 is 56 cm  K moF', lower 
than the expected spin-only value of 66.5 cm  K mol' expected for two Mn", 
100 
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Figure 3.9. Plot of XMT vs Tfor complexes 8-10 in the 5- 300 K temperature range in a field of 0.1 T. 
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Figure 3.10. Plot of reduced magnetization (M1Nu 8) vs HIT for 8. The solid lines are the fit of the data 
to an S= 14 state with D= -0.040 cm' and g = 1.85. 
eighteen Mn', and two Mn 11 ions. The XMT value decreases steadily upon cooling to 
48.3 cm3 K mol-1 at 30 K, and then slightly increases to reach a maximum value of 
48.6 cm3 K mor' at 15 K before dropping rapidly to 40.3 cm 3 K mol' at 5 K. The 15 
K value indicates an approximately S = 10±1 (48. cm  K mor) spin ground state. For 
complex 10, the ZMT value at 300 K is —62.5 cm  K mor'. Upon cooling it decreases 
steadily to —52.5 cm  mor' K at 50 K, before increasing to reach a maximum value of 
—57 cm3 K moF' at 15 K, and then dropping rapidly to 52 cm3 K moF' at 5 K. The 
low temperature maximum is suggestive of S = 10±1. The decreases in %MT values at 
low temperature are likely a consequence of Zeeman effects from the dc field, As 
and/or the presence of intermolecular antiferromagnetic interactions. 
Magnetization measurements in the 1.8 to 10 K and 0.1 to 7 T temperature 
and field ranges were carried out in order to determine the spin ground state values 
for 8-10. The data were fit by a matrix-diagonalization method to a model that 
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Figure 3.11. Plot of reduced magnetization (IWN1uB) vs HIT for 10. The solid lines are the fit of the 
data toanS=9 state with D=-O.165cm' and g=2.02. 
assumes only the ground state is populated, includes axial zero-field splitting (Dv), 
and carries out a full powder average. The corresponding Hamiltonian is: 
11= D Z + gJLBP0 
where D is the axial anisotropy, u y is the Bohr magneton, P0  is the vacuum 
permeability, 9, is the easy-axis spin operator, and H is the applied field. The data is 
plotted as reduced magnetization (MINIUB) versus HIT in Figures 3.10-11. The best fit 
for complex 8 gave S = 14, g = 1.85 and D = -0.04 cm -1 using only low field (51 T) 
data. When fields up to 7 T were employed poorer quality fits were obtained. This 
behaviour is characteristic of the presence of low-lying excited states. In such cases 
the population of excited states is difficult to avoid-even at very low temperatures. 
Because the fitting procedure assumes only the ground state is populated at low 
temperatures, the use of data collected at higher fields tends to over-estimate the 
value of S, and consequently the use of only low field data in the fits helps to avoid 
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this problem, providing more reliable results. For example, for complex 8, the value 
Of M'NPB rises to approximately 36 in a field of 7 T, suggestive of S = 18. However 
this is not the true ground state, and attempts to fit the magnetization data with S = 18 
resulted in much poorer quality fits with unreasonable parameters (D and g). The 
magnitude of ID1 is consistent with the non-parallel allignment of the Jahn—Teller 
axes of the Mn"' ions. The best fit for complex 9 was S=9, g = 2.00 and D = -0.129 
cm'; and for complex 10, S = 9, g = 2.02 and D = -0.165 cm-1 , both using data 
collected in the field range 0.1-2 T. The Sand D values obtained for complexes 8-10 
suggest all three may exhibit single-molecule magnetism behaviour. 
Ac Magnetic Studies 
In-phase (XM) and out-of-phase (XAI) ac susceptibility measurements were 
performed on complexes 8-10 in the 1.8-10 K range in a 3.5 G ac field oscillating at 
5-1000 Hz. For complex 8 (Figure 3.12), there is first an increase in the value ofxjT 
with decreasing temperature to approximately 6 K, followed by a 'plateau' until -3 
K, suggesting the presence of low lying excited states with smaller S values. Such 
low lying excited states are a common feature in many Mn clusters that are either of 
high nuclearity and thus possess a large density of spin states, or contain multiple 
Mn" ions that typically promote weak exchange. Extrapolation to 0 K (from >3 K to 
avoid decreases due to effects such as intermolecular interactions, etc.) gives a value 
of'-'94 cm  moE' K, consistent with a spin ground state of S= 14, in agreement with 
the dc data. Frequency dependent out-of-phase XM ac susceptibility signals are seen 
for below approximately 2.5 K, but no peaks are observed (Figure 3.12). 
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Figure 3.12. Plot of the in-phase (as XM  1) (top) and out-of-phase (') ac susceptibility signal 
(bottom) vs. temperature for complex 8. 
The behaviour of 9 and 10 is similar: below 10 K, both show sloping lines 
with a slight decrease in XMT  with decreasing temperature, suggesting the presence 
of excited states with larger S values (Figure 3.13). Extrapolation of the slopes to 0 K 
gives values of -53 cm  moF' K for both, suggesting spin ground states of S = 10±1, 
in agreement with the dc data. Frequency-dependent out-of-phase (") ac 
susceptibility signals are seen for both complexes below approximately 3 K, but no 
peaks are observed, along with a concomitant decrease in the in-phase-signal. The 
presence out-of-phase signals is suggestive of single-molecule magnetism behaviour 
and is caused by the inability of 8-10 to relax quickly enough, at these temperatures, 
to keep up with the oscillating field. 
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Figure 3.13. Plots of the in-phase (as 	T) (top) and out-of-phase (jj ') (bottom) ac susceptibility 
signal vs. temperature for complex 10. 
> Single-Crystal Hysteresis Studies 
In order to probe the possible single-molecule magnetism behaviour, single 
crystal hysteresis loop and relaxation measurements were performed using a micro-
SQUID setup [12]. Studies of the magnetization performed at very low temperature 
and high fields show that all three complexes behave as SMMs with long relaxation 
times. Figures 3.14-16 present typical magnetization (M) vs. applied dc field 
measurements at different field sweep rates and temperatures. In each case hysteresis 
loops were observed, whose coercivities increase with decreasing temperature or 
increasing field sweep rate, as expected for the superparamagnetic-like behavior of a 
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Figure 3.14. Magnetization (ill) vs. dc field hysteresis loops for 8, at a field scan rate of 0.002 1/s in 
the temperature range 1.0-0.04 K (left) and at a temperature of 0.04 K and in the field sweep rates 
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Figure 3.15. Magnetization (M) vs. dc field hysteresis loops for 9, at a field scan rate of 0.07 1/s in 
the temperature range 1.1-0.04 K (left); and at a temperature of 0.04 K in the field scan rates 0.280-
0.01 T/s (right). M is normalized tp its saturation value. 
SMM. Above --1.3 K there is no hysteresis, i.e. the spin relaxes faster to equilibrium 
than the timescale of the hysteresis loop measurement. The hysteresis loops do not 
show the step-like features indicative of resonant quantum tunneling of 
magnetization between the energy states of the molecule. This absence is 
commonplace for large SMMs and can be rationalized as primarily due to a 
distribution of molecular environments and thus a distribution of magnetization 
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Figure 3.16. Magnetization (M) vs. dc field hysteresis loops for 10, at a field scan rate of 0.002 1/s in 
the temperature range 1.0-0.04 K (left); and at a temperature of 0.5 K in the field scan rates 0.280-0.02 
T/s (right). A'! is normalized tp its saturation value. 
relaxation barriers. Weak intermolecular interactions (exchange and/or dipolar), and 
low-lying excited states will also contribute to step-broadening [13]. 
Single crystal relaxation data collected for 8-10 with the field applied along 
the easy axis of magnetization are shown in Figures 3.17-3.18. The observed non-
exponential relaxations and Arrhenius plots are typical for such large molecules with 
rather weak anisotropy and low-lying excited spin states. It is clear that the giant spin 
approximation works badly for such molecules (i.e. the ground state spin is not well 
defined) and that the slow relaxation is due to relaxation between different spin 
states, as well as between "up" and "down" states of a given multiplet. The 
relaxations are also influenced by intermolecular interactions and the distribution of 
molecular environments, leading to a broad distribution of relaxation times. Despite 
these difficulties (and by employing a single scaling function f(tJv(7)) [16] we could 
extract the mean relaxation times r(T) for all three complexes, which are shown in 
Figures 16-18 in the form of Arrhenius plots. The straight lines are fits to the 
Arrhenius law, yielding the values TO = 9 x 10.11  s and Ueff= 19 K for 8, r0 = 3 x 10 
sand Ueff=l9K for 9, and ro=2x 10 -" sand Ueff19.8K for lO. 
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Figure 3.17. Arrhenius plot for 8 using dc relaxation data (inset). The dashed line is the fit of the 
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Figure 3.18. Arrhenius plot for 9 using dc relaxation data (inset). The dashed line is the fit of the 
thermally activated region to the Arrhenius equation. 
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Figure 3.19. Arrhenius plot for 10 using dc relaxation data (inset). The dashed line is the fit of the 
thermally activated region to the Arrhenius equation. 
Conclusions 
In conclusion, we have synthesized rare examples of high-nuclearity, 
high-spin Mn wheels. The complexes were isolated from the same reaction, but in 
different time-scales and/or with different tripodal alcohols - demonstrating the 
versatility of a simple reaction system. All three structures are near-identical with the 
differences being limited to the oxidation levels of the Mn ions and the presence of 
two additionally attached [Mn 304] partial cubes in the Mn22 complexes. In each case 
their synthesis may be governed by the initial formation of a decametallic inner 
wheel with the tripodal alcohols directing 'Mn 7 rod-like' moieties consisting of three 
edge-sharing triangles that are attached either side of the Mn w wheel. The alcohol-
induced formation of M 111 10 wheels is well known for Fe, Cr, Ga and V suggesting 
that the Mn analogue may be isolable from the simple reaction of 
[M' 113O(O2CR)6L3] with alcohol. Complexes 8-10 are amongst the largest nuclearity 
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and highest spin Mn SMMs known - indeed the S = 14 ground state displayed by 8 is 
the largest seen for any Mn wheel. 
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Chapter 4 
Ferromagnetic Mixed-Valent Mn Supertetrahedra 
and High Spin Planar Discs: Towards Low- 
Temperature Magnetic Refrigeration with Molecular 
Clusters 
Introduction 
Polymetallic complexes of paramagnetic transition metals possessing large 
spin ground states are of interest since they can display either single-molecule 
magnetism behaviour, or an enhanced magnetocaloric effect (MCE) [1,2]. The latter, 
describing the change of magnetic entropy, Sm, upon applied-field change, has 
potential technological use in cooling applications [2]. Isotropic high-spin molecules 
are good candidates for magnetic refrigeration for two reasons: a) the higher the spin, 
the larger the magnetic entropy; b) important MCE are obtained whenever relatively 
small applied-field changes are sufficient to fully change the polarization of the 
magnetic molecules [2], and this requires the anisotropy of the molecule to be 
negligible. The molecules [Fe 14], [Fe 17] and [Mn io] have shown much promise so far 
[3]. Notably, we observed MCEs that are comparable and even larger than that 
reported for the best intermetallic and lanthanide alloys conventionally studied and 
employed for low-temperature cooling applications. The challenge is to find ways of 
enhancing the MCE even further. Adding low-lying (hence accessible) spin states 
other than the ground state is, for instance, an efficient method for increasing the 
degrees of freedom of the system, leading to an excess of magnetic entropy. In terms 
of MCE, the efficiency of a magnetic system with degenerate spin states can 
theoretically exceed that of an equivalent (super)paramagnet by more than an order 
of magnitude. The molecular energy scheme, in particular the presence of low-lying 
excited spin states is determined by the nature of the intramolecular magnetic 
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interactions and can be induced by either promoting frustration, or (more simply) 
generating relatively weak exchange interactions [3]. In what follows we report the 
very large MCE of an isotropic ferromagnetic manganese-based molecule with a 
well-defined spin ground state. We then make a similar molecule in which the 
bridging oxides holding the metallic core together have been replaced with bridging 
hydroxides, promoting weaker pairwise exchange - this leads to an enhanced MCE. 
We then make a third molecule that contains a higher ratio of Mn 2 ions creating 
new, weak and antiferromagnetic, Mn 2tMn2  interactions. This, results in a truly 
enormous enhancement of the MCE making them the very best cooling refrigerants 
for low-temperature applications ever reported. 
Additionally, we investigate the coordination chemistry of analogous organic 
molecules of the tripodal alcohols H3thme, I-I 3 tmp, H4peol (Schemel.2) in which one 
(or more) of the alcohol arms' is replaced by an alternative functional group(s), for 
example an amine group (ampH 2 and aepH2 ligands; Scheme 1.2). While each 
alkoxide arm has the potential to bridge up to three metals (and thus a maximum of 
seven metals per tripodal ligand) [4], the -NH 2 'arm' is likely, if bonded, to act solely 
as a monodentate/terminal capping unit and should give rise to a number of related, 
yet different, structural topologies. 
Here we report the syntheses and structures of two decametallic mixed-valent 
Mn supertetrahedra using 2-amino-2-methyl-1,3-propanediol (ampH 2); two 
decametallic mixed-valent Mn planar discs using 2-amino-2-methyl- I ,3 -propanediol 
(ampH2) and 2-amino-2-ethyl- I ,3-propanediol (aepH 2) and a tetradecametallic 
mixed-valent Mn planar disc, using pentaerythritol (14 4peol). The decametallic 
complexes display dominant ferromagnetic exchange and spin ground states of S = 
22 and the tetradecametallic complex dominant antiferromagnetic exchange and a 
spin ground state of S = 7±1. All display large (the former) and enormous (the latter) 
MCE; the former as a result of negligible zero-field splitting of the ground state, the 
latter as a result of possessing a high spin-degeneracy at finite low temperatures. 
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Experimental Section 
All manipulations were performed under aerobic conditions, using materials as 
received. 
> Synthetic Procedures 
IM  I004Br4(amp)6(ampH 2)3(HampH 2)] Br38hex (11 8hex). MnBr24H 20 (0.500 
g, 1.74 mmol) and ampH 2  (0.184 g, 1.74 mmol) were stirred in MeOH for 1 hour. 
The solution was then filtered and layered with hexanes. Crystals of 18C6H 14 formed 
in 3 days in a yield of approximately 20%. Anal. Calcd (found) for 12.5hex 
C55H135Mn 1 0N 10Br7O24 : C 26.84 (26.98), H 5.53 (5.49), N 5.69 (5.49). 
IMn 1004(OH)1.812.2(amp)6(ampH2)(HampH 2)3 J 15Shex (125hex). To a stirred 
suspension of Mn12 (0.500 g, 1.62 rnmol) and tertabutylammonium iodide (TBAI: 
0.598 g, 1.62 mmol) were added ampdH2 (0.170 g, 1.62 mmol). The resulting 
solution left upon 3 hours stirring in MeOH for 3 hour. The solution was then filtered 
and layered with hexanes. Crystals of 24C 6H 14 formed in 10 days in a yield of 
approximately 25%. Anal. Calcd (found) for 24hex, C 64}-1 1558 Mn10I72N 100258 : C 
27.19 (27.08), H 5.60 (5.54), N 5.77 (5.71). 
[Mn '"6Mn"4(OH)6(amp)4(ampH)414(EtOH) 4 J 14 (13). Mn12 (0.500 g, 1.62 mmol) 
and ampH2  (0.170 g, 1.62 mrnol) was stirred in EtOH for 5 hours. The solution was 
then filtered and layered with hexane. Slow evaporation of the solution produced 
crystals of 4 during 5 days in a yield of approximately 30%. Anal.Calcd (found) for 
4 C40H90Mn 10N8 I 8026 : C 18.04 (15.99), H 3.41 (3.90), N 4.21 (3.93). 
[Mn"6Mn 114(OEJ)6(aep)4(aepll) 414(EtOH)4 114 (14). Mn12 (0.500 g, 1.62 mmol) 
and aepH 2 (0.193 g, 1.62 mmol) was stirred in EtOH for 5 hours. The solution was 
then filtered and layered with hexane. Slow evaporation of the solution produced 
crystals of 5 during 10 days in a yield of approximately 30%. Anal.Calcd (found) for 
5 CH98Mn10N8I8026 : C 19.43 (19.52), H 3.63 (4.27), N 4.12 (3.64). 
Chapter 4- 'Mn supertetrahedra and planar discs" 
[Mn hU6Mn hl8(OH)2(Hpeol)4(H2peol)614(EtOH) 611 4 (15). Mn12 (0.500 g, 1.62 
mmol) and H4peoI (0.220 g, 1.62 mniol) were stirred in EtOH for 5 hours. The 
solution was then filtered and layered with hexane. Crystals of 3 formed in 8 days in 
a yield of approximately 15%. Anal. Calcd (found) for 3 C581 ­1126Mn 14I8048 : C 20.64 
(18.73), H 3.76 (3.71). 
Results and Discussion 
> Synthesis 
Reaction of the MnBr 2 4H20 with one equivalent of 2-amino-2-methyl-1,3-
propanediol (ampH2) affords the mixed-valent supertetrahedron 
[Mnlo04Br4(amp)6(ampH2)3(HampH 2)]Br3 (11). When the reaction is repeated 
replacing MnBr24H20 with Mn12  in a presence of tetrabutylainmonium iodide, the 
analogous complex [Mn1004(OH)18122(amp)6(anipH2)(HampH 2 )3 ]15 (12) forms. If 
the latter reaction is repeated in EtOH instead of MeOH the planar complex 
[Mn"6Mn' 14(OH)6(amp) 4(ampH)4 I4(EtOH)4 ]14  (13) forms. If 2-amino-2-methyl-1,3- 
propanediol (ampH 2) is replaced with 2-amino-2-ethyl-1,3 -propanediol  (aepH 2) in 
the equivalent reaction the analogous complex 
[Mn"6Mn"4(OH) 6(aep)4(aepl-I)4 I4(EtQH)4 ] 14 (14) results, but when replaced with 
pentaerythritol (H4peol), the tetradecametall ic 
[Mn6Mn"s(OH)2(Hpeol)4(H2peol)6I 4(Eton)6]J4 (15) forms. 
It is difficult to speculate on the reaction pathways that lead to the formation 
of the five complexes, but an examination of their structures shows that they are 
clearly all related. In particular the differences between the decametallic 
supertetrahedra and the decametallic discs are minimal - both contain [Mn 11t 6Mn"4] 
cores in which each metal ion has a nearest neighbor of different oxidation state, 
surrounded by (8-10) ligands bridging in a similar fashion. The major change appears 
to be the presence of oxides in the central cores of the supertetrahedra and 
I 
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hydroxides in the planar discs. The former being tetrahedral and forming four bonds, 
the latter being pyramidal /pseudo-planar and forming three bonds; i.e. the oxides 
template the formation of "31)" tetrahedra and the hydroxides template the formation 
of "213" planar discs. The formation of the larger tetradecametallic disc (15) in 
comparison to the decametallic discs can be attributed to the change in bridging 
ligand. While the anions of ampH 2 and aepH 2 tend to bridge around the periphery of 
the clusters, the anions of tripodal alcohols such as H 4peol tend to sit directly above 
and below the centers of planar cores [5]. The presence of three alkoxide arms allows 
for greater coordination than two alkoxides and one amine. For example, the 
tetradecametallic complex 15 contains four centrally located Hpeol 3 anions each 
bridging in a p.6-fashion encompassing a total of ten central metal ions, while the 
largest coordination mode seen for the anions of ampH 2 and aepH 2 is -, occurring 
only twice in 13 and 14 and encompassing a total of eight metal ions. 
> Description of structures 
[MnIo04Br4(amp)6(ampH2)3(HampH2)JBr3 (11) crystallizes in the 
rhonibohedral space group R-3 (Figure 4.1; selected bond lengths and angles are 
given in Tables A.4.3-4). The [Mn i o] 3 cation contains a metallic skeleton that 
describes a mixed-valent [M& 116Mn' 14] supertetrahedron, (Mn 1, Mn2 = 2+, Mn3, 
Mn4 = 3+) in which each nearest neighbour is of a different oxidation state (Figures 
4.2-3). The Mn2  ions define the four apices of the tetrahedron with the Mn 111 ions 
lying along each edge. The Mn"' ions themselves therefore describe a trigonal 
antiprism (Figure 4.3). The metal ions are connected by four central tetrahedral oxide 
ions to give a [Mn III  6Mn"4O4]' 8  core such that the supertetrahedron can be thought 
of as being built from four vertex-sharing [Mn III  3Mn 11 O] 9 tetrahedral (Figure 4.2). 
The tripodal ligands are of two types: six are doubly deprotonated (amp 2 ) bridging in 
a : 17 along each edge of the tetrahedron, and four remain fully 
protonated (ampH2) chelating each Mn 2 vertex ion (Figure 4.4). The pendant -NH2 
I 
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W 
Figure 4.1. The structure of 11 in the crystal. Colour scheme: Mn: purple; 0: red; N: blue; C. grey; 
Br: green. 
'arms' of the amp 2 ligands at the triangular "base" of the cluster are H-bonded to Br 
counter ions that lie between neighbouring Mn 10 molecules. Each N-atom is H-
bonded to two Br - ions at distances of approximately 3.2A forming head-to-head 
[Mn 1 0J2 dimers throughout the crystal (Figure 4.5). 
The four bromide ions each cap one face of the tetrahedron. The Jahn-Teller 
axes of the octahedral Mn3 ions are directed by the presence of the long Mn-Br 
bonds: thus for Mn4 their direction is defined by Bri and Br2, and for Mn3 their 
direction is defined by Br2 and symmetry equivalent. All the Mn 2 ions are 7-
coordinate bound to a {0 6N} set of atoms. Triply bridging Br (halide) ions have 
been seen before in Mn chemistry, in the complexes [Mn403X(0 2CR)3(dbm)3] (X - 
halide, Hdbm = dibenzoylmethane) in which the halide sits in the corner of a 
distorted cubane; [Mn6O4Br4(R2dbm)6] in which the halide caps the face of an 
100 
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Figure 4.2. The Mn-O-Br core of 11 (left) and the central metal-oxide core (right). Colour scheme: 





Figure 4.3. The metallic skeleton of 11 and 12 in the crystal. The trigonal antiprism is defined by the 
Mn 31  ions and is shown with the dashed lines. Colour scheme: Mn(lll): purple; Mn(lI): pink. 
octahedron; and [NMe4]4[Mn 1 004(biphen)4Br 12] (biphen = 2,2'-biphenoxide) in 
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which the j.t3-halides form an {Mn4Br6 } adamantane-like core [6]. In each of these 






172:172:q1:q1:p3 	 173:173:q3:p6 
Figure 4.4. The coordination modes of ampH 2 and aepH 2 (top) and HpeoI' (bottom) in 11-
15. 
Figure 4.5. The head-to-head [Mn 10]2 dimmers of 12 throughout the crystal. Colour scheme: Mn: 
purple; 0: red; N: blue; C: grey; I: green. 
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complexes the p.3-13f ions sit on an axially elongated site with average Mn 3tBr 
distances in the range -..2.79-2.84A, consistent with the values seen here (Mn-Br(av) 
= 2.82A). The charge balance of the complex is completed by the presence of the Bf 
counter ions and an additional proton. Significant disorder within the [Mn io] unit and 
in the interstitial solvent molecules (see CIF for full details) makes knowing its exact 
location difficult, though we have assumed it is disordered over the pendant -NH 2 
moieties, thus giving the complex the overall formula 
[Mn ioO4Br4(amp)6(ampH2)3(HampH2)] Br3 (1). 
The analogous complex IMn i004(OH) 1 .8I2 .2(amp)6(ampH 2)(HampH 2)3 1 15 
(12) crystallizes in the trigonal space group R-3 (Figure 4.6; selected bond lengths 
and angles are given in Tables A.4.5-6). The core (Figures 4.7) and metallic skeleton 
Figure 4.6. The structure of 12 in the crystal. Colour scheme: Mn: purple; 0: red; N: blue; C: grey; 1: 
green. 
103 

























Figure 4.7. The Mn-O-1 core of 12 (left) and the central metal-oxide core (right). Colour scheme: 
Mn(llI): purple; Mn(1I): pink; 0: red; 1: green. 
(Figures 4.3) of 12 are analogous to complex 11, but here the capping halides are 
disordered with hydroxide ions in a 2.2:1.8 ratio. The presence of a fifth halide 
counter ion leads to an overall formulation of [Mn 1004(OH) 1 . 812 . 2(amp)6(ampH2)4]15 . 
Again the halide counter ions lie in between neighboring clusters in the crystal, H-
bonding to the pendant -NH 2 moieties creating [Mni0]2 dimers (Figure 4.8). For both 
complexes (11, 12) when viewed down the c-axis these dimers form aesthetically 
pleasing "hexagonal" columns (Figure 4.8). The closest inter-molecular Mn Mn 
distances are 9.37 A and 9.77 A for 11 and 12, respectively. 
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Figure 4.8. The packing of the molecules of 12 in the crystal viewed down the c (right) and b (left) 
axes. 
LMII"6Mn"4(OH)6(amp) 4(ampH)414(EtOH)4 1 14 (13) crystallizes in the 
monoclinic space group P2 1 1n (Figure 4.9; selected bond lengths and angles are 
given in Tables A.4.7-8). The Mn-O core of 13 describes a planar disc of ten Mn ions 
linked by six central p3-0H ions and forms a central [Mn" 6Mn 1 (OI-1)6]20 core 
(Figure 4.10). The metallic skeleton thus comprises ten edge-sharing triangles which 
form '2-D planar-disc' (Figure 4.11). The tripodal ligands bridge in three distinct 
ways. The four central ligands are doubly deprotonated (amp  2-)and bridge in two 
ways: two in a 3:, 3:,':p5-fashion, and two in a tj 2:,j2:p3-fashion. The four peripheral 
ligands are singly deprotonated (ampl-f) each bridging in a ij 2:':1u-fashion (Figure 
4.4). 
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Figure 4.9. The structure of 13 in the crystal. Colour scheme: Mn: purple; 0: red; N: blue; C: grey; I: 
green. 
Mn4 	 Mn3 	 Mn2 
-r 
Mn5 Mn1O 	 Mn9 	 Mnl 
Mn6 	
-. 
Mn7 	 Mn8 
Figure 4.10. The Mn-0 core of 13 in the crystal. Colour scheme: Mn(ll1): purple; Mn(II): pink; 0: 
red. 
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Figure 4.11. The metallic skeleton of 13 and 14 in the crystal. Colour scheme: Mn(lH): purple; 
Mn(ll): pink. 
Four terminally bound F ions and four EtOH molecules fill the vacant 
coordination sites on the Mn" ions. The Mn ions are six-coordinate and in distorted 
octahedral geometries, but unusually, show two distinct geometries: Mn3, Mn7, Mn9 
and MnlO display the usual axial elongation, but Mnl and Mn5 are axially 
compressed. There are a significant number of intra- and inter-molecular H-bonds 
and short contacts. On the periphery of the cation the ampH molecules are H-bonded 
to the terminal EtOH molecules (0.. .0, -2.6 A) and the NI-12-arm of another ampif 
ligand bonded to the same Mn ion (N ... 0, --2.8 A); while the non-bonded NH2-arms 
of the centrally located amp 2-  ions are H-bonded to the p3-bridging 0H ions (0.. .0, 
--2.7 A) and the F counter ions (0.. .1, -3.5-3.8 A). The latter interaction is 
propagated in all three directions in the crystal directing the packing of the cations 
into sheets and chains (Figure 4.12). The closest intermolecular MnMn distance in 
the same sheet is 7.25 A and between adjacent sheets is 9.65 A. In Figure 4.13, the 
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Figure 4.12. The packing of the molecules of 13 in the crystal viewed down the b axis. 
Figure 4.13. The packing of the molecules of 13 in the crystal. 
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IMn"6Mn 114(OH)6(aep)4(aepH)414(EtOH)4114 (14) has a structure 
analogous to 13 but crystallizes in the orthorhombic space group Pbcn (Figure 4.14; 
selected bond lengths and angles are given in Tables A.4.9-10). The Mn-O core, thus 
the metallic skeleton of 14 are analogous to 13 (Figures 4.15 and 4.11, respectively). 
There are numerous intra- and inter-molecular H-bonds and short contacts 
propagated in all three directions in the crystal directing the packing of the cations 
(Figure 4.16). When viewed down the c axis, the molecules, each perpendicular to its 
nearest neighbor, form cross- or X-shaped columns (Figure 4.17). The closest 
intermolecular MnMn distance within the same sheet is 10.29 A and between 
adjacent sheets is 10.35 A. 
;:i: :•' :' 
: 
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Figure 4.16. The packing of molecules of 14 in the crystal highlighting the rows of the molecules. 
The change of the colour in each molecule shows the change of their direction. 
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Figure 4.17. The packing of the molecules of 14 in the crystal viewed down the c axis. 
IMn"6Mn 11s(OH)2(HpeoL)4(H2peoI)614(EtOH)6114 (15) crystallizes in the 
monoclinic space group P21 1n (Figure 4.18; selected bond lengths and angles are 
given in Tables A.4.11-12). The Mn-O core describes a planar 'rectangular' disc of 
fourteen Mn ions linked together by a combination of hydroxide and alkoxide ions to 
form a metallic skeleton of fourteen edge-sharing triangles (Figure 4.19-20). The two 
central Off ions (058) each bridge in a p3-fashion, while the tripodal ligands adopt 
three distinct coordination modes (Figure 4.4). Four are triply deprotonated (Hpeol 3 ) 
and sit above and below the Mn 14 plane bridging in a rl 3 :,j3:, 3 :po-fashion. Six are 
doubly deprotonated (H2peo1 2 ) and can be divided into two categories: four bridge 
across the long edges of the rectangle in a :11 	and two bridge across 
the short edges of the rectangle in a 	 This is the first time the 
later coordination mode has been seen. The central metal-oxygen core is thus 
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Figure 4.18. The structure of 15 in the crystal. Colour scheme: Mn: purple; 0: red; N: blue; C: grey; I: 
green. 
[Mn 6Mn"8(OH)2(OR)24] 8 . The Mn ions are six-coordinate and in distorted 
octahedral geometries with the ions displaying the usual Jahn-Teller 
elongations; each of which lie "parallel" to the short edges of the rectangle. Four 
terminally bound I ions and six EtOH molecules fill the vacant coordination sites on 
the Mn2 ions. There are a significant number of intra- and intermolecular H-bonds: 
the terminal F ions are H-bonded to the terminally bonded 0-arms of H2pe01 2 
ligands (I ... 0, 3.4 A); the unbonded arms of the same ligands and the Hpeol 3 
ligands are H-bonded to the F counter ions (0.. .1, -3.3 A), and the 0-H arms of 
H2peo12 ligands and terminal EtOH molecules on neighbouring molecules (0... 0, 
-2.6-2.8 A). The result is an extensive, complicated H-bonded network of [Mn i4]4 
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Mnl 	t Mn4 	 Mn7 	 Mn5' 	 Mfl' 
058 
t 
Mn3 	 Mn6 	 Mn6' I. 
Mn2 
1 
Mn7' Mn4" 	 Mnl' 
Figure 4.19. The Mn-O core of 15 in the crystal. Colour scheme: Mn(lH): purple; Mn(II): pink; 0: 
red. 
Figure 4.20. The metallic skeleton of 15 in the crystal. Colour scheme: Mn(11I): purple; Mn(tI): pink. 
cations throughout the crystal. The molecules of 15 pack in the common observed 
brickwalt pattern (Figure 4.21). 
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Figure 4.21. The packing of the molecules of 15 in the crystal along the b axis (left) and in viewed 
down the a axis (right). 
Table 4.1. Ranges of selected interatomic distances (A) and angles (deg) for 11-15: 
Ranges of selected interatomic distances (A): 
Mn- Mn21- 
Complexes 	Mn-O2 	Mn2 -O2 	Mn-OH Mn21-0H 
halide halide 
Complex 11 	1.896-1.933 	2.225-2.304 	- - 2.771-2.963 - 
Complex 12 	1.901-1.922 	2.260-2.277 - - 2.962-3.228 - 
Complex 13 - 	 - 	1.870-2.293 2.284-2.293 - 2.804-2.821 
Complex 14 	- - 1.862-2.325 2.280-2.290 - 2.775-2.832 
Complex 15 - 	 - 	 - 2.118-2.180 - 2.815-2.858 
Ranges of selected interatomic angles (deg): 
NIn- O2 	Mn- 02 	Mn3 - 0H Mn3 - OW Mn21 - OH Mn3 '- 
Complexes 
Mn 	Mn 2 	-Mn -Mn21 -Mn2 ' halide-Mn 
112.86- 100.54- 
Complex 11 - - 	 - 	68.26-69.44 
121.78 103.07 
111.13- 101.21- 62.93-64.17 
Complex 12 - - 	 - 
123.33 103.04 
Complex 13 - - 95.75- - 93.34- - 
102.51 105.72 
Complex 14 - 95.76- 92.36- 	 - 
- 102.31 105.59 - 
Complex 15 - - 98.66- 	- - 
100.65 
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Table 4.2. Bond Valence Sum calculations for 11-15. 
Complex 11 
Atom Mn 2 Mn 3 Mn 4 Ox. 	Atom Mn 2 Mn3 Mn 4 Ox. 
MnI 1.88 1.75 1.71 2+ 	Mn3 3.09 2.85 2.80 3+ 
Mn2 2.02 1.88 1.84 2± 	Mn4 3.14 2.90 2.84 3+ 
Complex 12 
Atom Mn"  Mn 3 Mn4 Ox. 	Atom Mn 2 Mn 3 Mn 4 Ox. 
MnI 2.05 1.91 1.87 2+ Mn3 2.00 1.86 1.83 2+ 
Mn2 3.09 2.85 2.80 3+ 	Mn4 2.98 2.75 2.70 3+ 
Complex 13 
Atom Mn'  Mn 3 Mn 4 Ox. 	Atom Mn 2 Mn3 Mn 4 Ox. 
Mnl 3.46 3.19 3.13 3+ 	Mn6 1.76 1.62 1.59 2+ 
Mn2 1.78 1.64 1.61 2+ 	Mn7 3.46 3.20 3.14 3+ 
Mn3 3.45 3.19 3.13 3+ 	Mn8 1.80 1.66 1.62 2+ 
Mn4 1.79 1.65 1.62 2+ Mn9 3.33 3.07 3.01 3+ 
Mn5 3.45 3.18 3.12 3+ 	MnIO 3.33 3.07 3.01 3+ 
Complex 14 
Atom Mn 2 Mn31 Mn 4 Ox. 	Atom Mn 2 M n 3 Mn 4 Ox. 
Mnl 3.41 3.16 3.10 3+ 	Mn4 3.49 3.22 3.16 3+ 
Mn2 1.81 1.67 1.63 2+ 	Mn5 1.77 1.63 1.60 2+ 
Mn3 3.38 3.12 3.06 3+ 
Complex 15 
Atom Mn 2 Mn 3 M n 4T  Ox. 	Atom Mn 2 Mn3 Mn4 Ox. 
Mnl 1.72 1.58 1.55 2+ Mn5 3.41 3.15 3.09 3+ 
Mn2 2.14 1.97 1.94 2+ 	Mn6 2.18 2.02 1.98 2+ 
Mn3 3.48 3.20 3.14 3+ 	Mn7 1.71 1.58 1.55 2+ 
Mn4 3.34 3.08 3.02 3+ 
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Magnetic Studies 
> Dc Magnetic Studies 
Magnetic susceptibility studies were carried out on powdered 
microcrystalline samples of 11-15 in the 0.3 - 300 K temperature range and for 
several applied fields. The field-dependencies of 11 and 13 are essentially identical 
to that of 12 and 14, respectively. Here we show the data for 11 and 13 only, in 
addition to 15 (Figure 4.22). For 11, the room temperature XMT value of 
approximately 48 cm  K moF' increases upon cooling to a maximum value of-- 224 
cm  K moL' at 10 K before dropping to approximately 160 cm 3 K moF 1 at 1.8 K. The 
XMT value expected for an uncoupled [Mn 111 6Mn"4] unit (g = 2.00) is approximately 
36 cm  K mol', less than the measured value at 300 K. For 13, the room temperature 
XMT value of 37 cm' K mol' gradually increases with decreasing temperature 
reaching a maximum value of 79 cm 3  K mol' at - 14 K, before falling rapidly to a 
value of-- 40 cm  K mor' at 2.0 K (Figure 4.22). For both complexes, the behavior is 
suggestive of dominant ferromagnetic exchange between the metal centers, resulting 
in a spin ground state S = 22 for both 11 and 13 (and similarly for 12 and 14). The 
dramatic difference in the low temperature maxima is assigned to a combination of 
intermolecular interactions and the weaker intramolecular exchange in the latter 
(vide infra). Ferromagnetic mixed-valent Mn clusters with nuclearity greater than 
four are exceptionally rare. For 15, the room temperature XMT value of —55.6 cm3 K 
moF' collected for H = 1 kG is nearly constant down to -- 150 K, below which it 
starts falling reaching a value of - 24.3 cm  K mor' at 2.0 K (Figure 4.22). The 
expected (spin-only) value at 300 K is -- 53 cm  K mor'. The linear extrapolation of 
the susceptibility collected for 2 K < T < 20 K down to zero-temperature yields S 
7± 1. 
116 
Chapter 4- "Mn super! etrahedra and planar discs" 
200 
XMT 




• 	I 	• 	I 	• 	I• 




0 	50 	100 	150 	200 	250 	300 
T (K) 
Figure 4.22. Plot of XMT vs T for complexes 11, 13 and 15 in a field of 0.1 T and in the 1.8 - 300 K 
temperature range. Solid lines are guides to the eyes. 
In order to ascertain the spin ground states, magnetization data (M) were 
collected in the ranges (0– 70) kG and (0.3 - 20) K - the results of which are plotted 
in Figure 4.23. For 11-14 the tendency toward parallel alignment of the Mn spins is 
corroborated by the large magnetization exceeding 40 pBIf.u. at 7 T and below - 2 K. 
In particular for 11 and 12, the fit of M by a matrix-diagonalization method affords 
the parameters S = 22, g = 2.0 and D = 0 cm -1 (Figure 4.24). Given the molecular 
symmetry (approximately Td)  of the complex, a value for the zero-field splitting of, 
or close to, zero is expected. Thus despite the large S value, complex 11 (and 12) 
does not behave as a single-molecule magnet, as confirmed by the lack of an out-of-
phase (X"M)  signal in ac-susceptibility studies. The low-temperature in-phase X'MT vs. 
T data are superimposable on the dc-data. The negligible anisotropy suggests that the 
decrease in XMT below 10 K (Figure 4.22) is likely assigned to weak intermolecular 
anti ferromagnetic interactions, consistent with the 'dimeric' [Mn io]2 structure in the 
crystal. For 13 and 14, the magnetization measurements cannot be described solely 
by Brillouin curves corrected for finite magnetic anisotropies (Figure 4.23). The 
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Figure 4.23. Magnetisation (M) vs. field (H) for 11, 13 and 15 from top to bottom, respectively, in the 
indicated temperature and field ranges. For 11, solid lines are the Brillouin fits. 
same holds for 15, whose magnetization achieves saturation values (i.e. 32 1uB/f.u. for 
2 K and 7 T) consistent with large field-stabilized spin states (Figure 4.23). As we 
shall infer below from the specific heat experiments, the field-dependencies of 13 to 
15 are complicated by the influence of (many) low-lying excited S states, whose 
occupancy strongly depends on the applied magnetic field. 
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Figure 4.24. Reduce magnetization (M/Np,) vs. field (H) for 11 in the ranges T= 1.8-6 K and H= 20-
50 kG; the solid lines are a fit of the data with the parameters S 22 and D= 0 cm'. 
ZFC/FC and Heat Capacity measurements 
Experiments at temperatures below 2 K reveal different behaviors for the 
investigated complexes. The specific heat C of 11 shows a broad anomaly that shifts 
towards higher temperatures on increasing applied field (Figure 4.25). At much 
higher temperatures, the lattice contribution dominates over the magnetic one and the 
experimental specific heat increases constantly with temperature. The magnetic 
contribution to C(T,II) for H? 10 kG is due to Schottky-type Zeeman splitting of the 
otherwise degenerate (D = 0 cm) energy spin states. The fit (solid lines in Figure 
4.25) of the experimental data to the calculated Schottky curves is excellent, and 
provides S = 22, g = 2 and D = 0 cm 1 , in agreement with the M(J1) data. Given that 
[Mn j 0]2 dimers are formed one would expect the appearance of an exchange field 
acting on each molecule that, similar to the external applied field, causes a Zeeman 
splitting of the molecular spin ground-state. This shows up in the experimental C 
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Figure 4.25. Specific heat (C) normalized to the gas constant (R) vs. temperature (7) for 11 at several 
applied fields. The solid and dashed lines are the fits to the Schottky contributions (see text); the 
dashed line is the Debye fit of the lattice contribution. 
collected at zero applied-field that follows the Schottky behavior (dashed line, Figure 
4.25) calculated for S = 22, g = 2 and D = 0 cm t , and an exchange field Hex = 820 G 
down to 1 K. For decreasing temperatures below I K, the intermolecular correlations 
become dominant overwhelming the single-molecule behavior, and the experimental 
C keeps increasing down to the minimum temperature accessible by our instrument. 
From the estimate of Hex and given that gpBHe S = n.JS2, we obtain the absolute value 
of n.J 5 mK for the intermolecular exchange coupling. 
For 13. zero-field-cooled (ZFC) and field-cooled (FC) magnetic susceptibility 
measurements for H = 1 kG reveal a sharp feature at about 1.4 K as well as an 
additional peak at the much lower temperature of 0.5 K, accompanied by magnetic 
irreversibility (Figure 4.26). A peak in the susceptibility can be accounted for by: (I) 
a magnetic phase transition, or (ii) superparamagnetic blocking of the molecular 
spins. For a phase transition to occur however, one would expect the specific heat to 
detect a sharp anomaly at the ordering temperature [2]. No such critical feature is 
experimentally seen, rather broad smooth anomalies are seen at the corresponding 
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Figure 4.26. Left: dc susceptibility vs. T for 13 collected for H = 1 kG in the zero-field-cooled (ZFC) 
and field-cooled (FC) regimes. Right: specific heat normalized to the gas constant vs. T for 13 
collected for H= 0, 30 and 70 kG, as labeled. 
with different crystallographic forms of 13. Four of the six Mn" ions within the 
cluster core experience a Jahn-Teller (JT) elongation and two a JT compression. 
However only Mn9 and MnlO reside "within" the core (Figure 4.10), the others 
surrounding the periphery of the molecule and their iT elongations/compressions are 
likely sensitive to change/disorder. For 13, this results in JT isomerism [8], i.e. two 
or more molecules differing in the relative orientation of one or more iT axes. 
Therefore, not all molecules are magnetically equivalent because of different spin 
states and/or anisotropies, yielding multiple superparamagnetic relaxation processes, 
thence multiple peaks in the susceptibility [9]. 
We performed similar FC and ZFC measurements at 1 kG for 15, finding that 
magnetic irreversibility develops below - 1 K (Figure 4.27). As for 13, the specific 
heat rules out a phase transition as the possible reason for the susceptibility peak. 
Indeed, a broad bump is reported in the specific heat (Figure 4.27) which is the 
Schottky-like anomaly normally encountered in superparamagnets. This shows up at 
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Figure 4.27. Left: dc susceptibility vs. T for 15 collected for H = 1 kG in the zero-field-cooled (ZFC) 
and field-cooled (FC) regimes. Right: specific heat normalized to the gas constant vs. T for 15 
collected for H = 0, 30 and 70 kG. 
further split by the applied-field causing the bump to move towards higher T for 
increasing field. We conclude that 15 behaves as a superparamagnet, and given that 
the blocking temperature TB is typically 1/18 of the effective anisotropy barrier U 
[10], we finally obtain an estimate of U 18 K for 15. We refrain from estimating 
the molecular anisotropy because (anticipating the discussion below) the magnetic 
relaxation likely proceeds via excited spin states. 
Contrary to the results for 11, we note that for 13 and 15 (and hence 12 and 
14) no simple model of the magnetic contribution to the specific heat can be 
employed. It is straightforward to realize that the zero-field C of 13 and 15 is 
excessively large for temperatures below 2 K, i.e. a temperature range in which the 
lattice contribution is negligible. Typical values should not exceed (1 —2) R, as in 
11, provided that intermolecular interactions are absent [2]. The excess of magnetic 
specific heat in 13-15 must therefore arise from the presence of low-lying spin states 
other than the ground state. As we shall see in what follows, these accessible excited 
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Figure 4.28. From top to bottom, magnetic entropy changes (ES m) vs. T as obtained from the 
measurements of C in the indicated applied-field changes (AH) for 11, 13 and 15, respectively. Dotted 
line in the top panel is the limiting value of R In(2S+1) for S= 22 (see text). 
spin states have an enormous implications for the enhancement of the magnetocaloric 
effect (MCE). 
The entropy of magnetic materials is intimately related with their capability 
of magnetic cooling through the MCE [2b], i.e. the change of the magnetic entropy 
AS m upon a change in the applied magnetic field All. The larger AS,,, for a given A!!, 
the better performance the investigated complex has in terms of refrigerant material. 
From the experimental specific heat C data of the investigated complexes (Figures 
4.25-27), we calculate AS m(T,Il) = J[C(T,Hj)—C(T,H 1)]/T dT for selected field changes 
All = Hj - A. Note that the estimation of the lattice contribution to the specific heat 
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is irrelevant for our calculations, since we deal with differences between total 
entropies at different H. The so-obtained temperature-dependencies of AS,,, for 11, 13 
and 15 are depicted in Figure 4.28 for several AH. As for 11, it can be seen that 
ASm  reaches a maximum value of 13.0 J kg K' (or equivalently 3.8 R) at 2.2 K 
for All = (70 - 0) kG. This value corresponds to the full change of the total magnetic 
entropy R ln(2S+ 1) for a spin S = 22 (dotted line in the top panel of Figure 4.28), and 
is one among the highest values ever reported for this temperature range [3]. 
Complexes 13-15 possess large field-stabilised spin states, as well as the presence of 
several excited spin states that are thermally accessible even at very low 
temperatures. This leads to an excess of magnetic entropy. Adding this extra 
contribution to the magnetic entropy effectively results in a MCE enhancement. For 
the maximum investigated AH = (70 - 0) kG we observe that —AS,,, reaches the 
maximum value of 17.0 J kg' K' (equivalent to 5.4 R) at - 5.2 K for 13, whereas 15 
is even more impressive, achieving a remarkable value of 25 J kg' K' (equivalent to 
10.2 R) at - 3.8 K. Both these values notably exceed the respective ones expected if 
AS,,, were determined just by the spin ground-state, as in 11. Let us assume, for 
instance, that 13 has a spin ground state S = 22. Without the degrees of freedom 
added from the other spin states, —AS,,, cannot theoretically amount to more than R In 
(2S+1) = 13.0 J kg' K' for this spin value - notably smaller than what is 
experimentally observed. We stress that the values reported in Figure 4.28 are 
exceptionally impressive: to our knowledge no other refrigerant material shows 
values as large as AS m = 25 J kg' K for All = (70 - 0) kG in the liquid-helium T-
range [2,3]. 
Conclusions 
In conclusion, our intial investigations into the coordination chemistry of 
ampH2 and the closely related aepH 2  and H4peol ligands have afforded beautiful and 
unusual mixed-valent decametallic Mn supertetrahedra and discs, and a 
124 
Chapter 4- "Mn supertetrahedra and planar discs" 
tetradecan -ietallic disc. Complexes 11-13 are the first characterised Mn clusters (and an 
extremely rare examples of any transition metal cluster) containing the amp 2 ligand. 
Magnetic studies reveal complexes 11-14 to possess extremely large spin grounds state 
of S = 22 as a result of the dominant ferromagnetic exchange interactions between the 
metal centers thus joining a select and illustrious band of molecules displaying this 
unusual combination. All five complexes show enormous magnetocaloric effect: 11-12 
as a result of negligible zero-field splitting of the maximum possible ground state; 
13-15 as a result of possessing a high spin-degeneracy at finite low temperatures. 
The investigation of novel molecular clusters with a high spin-degeneracy at finite 
low temperatures opens the way to important improvements in the MCE of 
molecular complexes, and this ultimately facilitates their use in magnetic cooling 
applications. To this end the complexes above are the very best cooling refrigerants 
for low-temperature applications. Furthermore they suggest a new synthetic strategy 
for obtaining novel molecules with even larger MCE: the introduction of ions (and 
ligands) that will promote weak ferro- or ferrimagnetic interactions leading to high 
spin ground states and easily accessible (low-lying), degenerate, excited states with 
large S-values. 
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Chapter 5 
Magnetic Studies of Hexa-, Deca- and Dodeca- 
nuclear Manganese Complexes Based on Octahedra 
and Edge-Sharing Bioctahedra 
Introduction 
Chemists have developed a wide range of synthetic strategies and methods to 
both access new cluster families and to manipulate (and enhance the properties of) 
existing ones [I]. Among such methods have been the reaction of triangular 
[Mn30(O2CR)6(py)3] (R = Me, Et, Ph, C(CH 3 )3 , etc; py = pyridine) complexes with 
chelating ligands such as 2,2'-bipyridine (bpy), 2-hydroxymethylpyridine (Hhmp), 
and various others, which causes a structural rearrangement to a higher nuclearity 
product [1]. Another strategy developed recently is 'reductive aggregation' in which 
a high oxidation state Mn source is dissolved in alcohol (e.g. MeOH) in the presence 
of potential bridging ligands, forcing a reduction of the manganese ions and a 
resulting structural aggregation to a polynuclear product, with the added possibility 
of the alcohol providing additional alkoxide (e.g. Me0) bridging ligands [2]. 
In this chapter these strategies have been combined by carrying out reactions 
in an alcohol-containing medium using tripodal alcohol chelating ligands, which 
have previously shown to be excellent building blocks for the synthesis of SMMs 
[3]. The eleven complexes we herein report can be divided into four categories that 
are based on Mn octahedra and edge-sharing bioctahedra and vary from single 
molecules (OD) to l-D and 2-D polymers. These are: Na4[Mn60(OAc) 6(Br-
mp)4(MeOH)4] (16), Na3 [Mn60(OAc)5(tmp) 4(N3)(H20)2] (17); 
[Mn]00213r4(thrne)6(Me0H)41 (18), 	202(iv)1 o(tmp)4(MeO)2(MeOH) 2] (19), 
[Mn]202(PiV)lo(thme)4(MeO)2(MeOH)21 	 (20), 
[Mnl202(OAC)lo(Hpeol)4(MeO)2(H20)41 	 (21), 
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[Mnl202(OAc)lo(thme)4(MeO)2(H20)41 (22), 	1202(OAc) 1 o(tmp)4(MeO)2(H20)4 ] 
(23), 	 [Mn1202(02CCPh2) w(Hpeol)4(MeO) 2(H20)2 ] 	 (24), 
[Mn i202(O2CCPh2 ) 1  o(Hpeol)4(OH) 2(H20)2 ] 	 (25); 	 and 
Na[Mn 1 207(OAc) 1  i(Hpeol)4(MeO)(OH)(H 20)3 ] (26). 
Experimental Section 
All manipulations were performed under aerobic conditions, using materials 
as received. [Mn30(OAc) 6(py)3] Spy, [Mn30(piv)6(py)3 ] Spy, 
[Mn30(O2CPh2)6(py)3].(C104) and were prepared as previously described [4]. 
> Synthetic Procedures 
Na4[Mn6O(OAc)6(Brmp)4(MeOH) 4 I MeOH (1 6MeOH). Mn(OAc)2 4H2O 
(0.500 g, 2.04 mmol), Br-mpH 3  (0.406 g, 2.04 mmol) and NaOH (0.110 g, 2.04 
mmol) were stirred in MeOH (25 ml) for 3 hours. The black solution was then 
filtered and layered with Et20. Crystals of 16 formed in 10 days in a yield of 
approximately 20%. Anal. Calcd (found) for 16, C36H66Mn6Na4Br4O29 : C, 25.37 
(25.18); H, 3.90 (3.67). 
Na3[Mn60(OAc)5(tmp)4(N3)(H20)2 1 CH3CN (1 7CH3CN). Mn(OAc)24H20 
(0.500 g, 2.04 mmol), H3tmp (0.274 g, 2.04 rnmol) and NaN 3 (0.133 g, 2.04 mmol) 
in CH3CN (25 ml) were left stirring overnight. The pale yellow-brown solution was 
then filtered and layered with two volumes of n-hex/Et 20 (1/1). Crystals of 17 
formed in two weeks in a yield of approximately 15 %. Anal. Calcd for 17, 
C34H63Mn6Na3N302 : C, 31.11 (31.00); H. 4.84 (4.71); N, 3.20 (3.33). 
IMn 1002(thme)6Br4(MeOH) 4 J4MeOH (I 84MeOH). MnBr2 4H20 (0.500 g, 
1.74 mmol), 1­13thme (0.209 g, 1.74 mmol) and NEt 3  (0.127 g, 1.74 mmol) were left 
stirring for two hours in MeOH (25 ml). The dark brown solution was then filtered 
and left to evaporate open in the atmosphere. Crystals of 18 formed in five days in a 
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yield of approximately 30 %. Anal. Calcd (found) for 18, C34H70Mn 10Br4O24 : C, 
23.58 (23.42); H, 4.07 (4.04). 
[Mn 12O2(piv)Io(tmp)4(Meo)2(MeoH) 2 J (19). {Mn30(piv)6(py)3 ] py (0.500 
g, 0.45 mmol) and H 3tmp (0.061 g, 0.45 mmol) were left stirring in MeOH (25 ml) 
for 45 minutes. The pale brown solution was then filtered and layered with Et 20. 
Crystals of 19 formed during one month in a yield of approximately 20%. Anal. 
Calcd (found) for 19, C78H148Mn 12038 : C, 39.81 (39.56); H, 6.34 (6.25). 
[Mnl202(PiV)lo(thme)4(MeO)2(MeOH)21 (20). [Mn30(piv)6(py)31 py (0.500 
g, 0.45 mmol) and H3thme (0.054 g, 0.45 mmol) were left stirring in MeOH (25 ml) 
for 45 minutes. The pale brown solution was then filtered and layered with Et 20. 
Crystals of 20 formed during one month in a yield of approximately 20%. Anal. 
Calcd (found) for 20, C74H138Mn 12 O38 : C, 38.73 (38.69); H, 6.06 (5.78). 
IMni202(OAc) i(HpeOI)4(MeO) 2(H2O) 2 J MeOH (21 MeOH). 
Mn(OAc)2 4H20 (0.980 g, 4.00 mmol), H4peol (0.130 g, 1.00 mmol) and NEt 3 
(0.400 g, 4.00 mmo!) were left stirring in MeOH (25 ml) for two hours. The dark 
brown solution was then filtered and layered with Et 20. Crystals of 21 formed during 
one month in a yield of approximately 35%. Anal. Calcd (found) for 21, 
C43H84Mn 1 2O45 : C, 26.08 (25.95); H, 4.28 (4.14). 
[Mn]202(OAc)lo(thme)4(MeO)2(H20) 2 1.2MeOH (222MeOH). 
Mn(OAc)24H20 (0.500 g, 2.04 mmol), H3thme (0.245 g, 2.04 mmol) and NEt 3 
(0.264 g, 2.04 mmol) were left stirring in MeOH (25 ml) for two hours. The dark 
brown solution was then filtered and layered with Et20. Crystals of 22 formed during 
one month in a yield of approximately 45%. Anal. Calcd (found) for 22, 
C4217180Mn 12040 : C, 26.77 (26.76); H, 4.28 (4.74). 
I O2(OAc) 1  o(tmp)4(MeO)2(H 20)2J 2MeOH 	 (232MeOH). 
Mn(OAc)2 4H2 0 (0.735 g, 3.00 mmol), H 3tmp (0.135 g, 1.00 mmol) and NEt 3 (0.430 
g, 3.00 mmol) were left stirring in MeOH (25 ml) for two hours. The dark brown 
solution was then filtered and layered with Et20. Crystals of 23 formed during one 
month in a yield of approximately 35%. Anal. Calcd (found) for 23, C46H86Mn 12038 : 
C, 28.98 (28.92); H, 4.55 (4.36). 
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[Mnl 202(02CPh2)lo(Hpeol)4(MeO)2(H20)21-6CH3CN 	(246CH3CN). 
[Mfl30(O2CPh2) 6(py)31.(Cl04) (0.270 g, 0.25 mmol), H4peol (0.034 g, 0.25 mmol) 
were left stirring in MeOH/CH 3CN (30 ml) for two hours. The pale brown solution 
was then filtered and layered with Et20. Crystals of 24 formed during two weeks in a 
yield of approximately 60%. Anal. Calcd (found) for 24CH 3 CN, C166H163Mn 12NO42 : 
C, 56.91 (56.21); 11,4.68(4.56); N, 0.40 (0.31). 
[Mn 1  202(O2CPh2)Io(Hpeol)4(OH) 2(H 20)21.1 2CH 3CN 	(25 1 2CH 3CN). 
[Mn30(O2CPh2)6(py)31.(Cl04) (0.270 g, 0.25 mmol), H4peol (0.034 g, 0.25 mmol) 
were left stirring in CH3CN (25 ml) for three hours. The pale brown solution was 
then filtered and layered with Et20. Crystals of 25 formed during three weeks in a 
yield of approximately 45%. Anal. Calcd (found) for 252CH3CN•2H 20, 
C162H169Mn 12NO44 : C, 55.69 (55.50); H, 4.87 (4.57); N, 0.40 (0.38). 
Na [Mn 1 202(OAc) 11  (Hpeol)4(MeO)(OH)(H,0) 3 1 4CH3CN•H20 
(264CH3CN.H20). Mn(OA02411 20 (0.180 g, 0.75 mmol), H4peol (0.068 g, 0.50 
mmol) and NaOH (0.100 g, 0.25 mmol) were left stirring in MeOH/CH 3CN (30 ml) 
for two hours. The dark brown solution was then filtered and layered with Et 20. 
Crystals of 26 formed during one month in a yield of approximately 45%. 
26I 1/2CH3CN10H 2o, C46H1035Mn 1 2NaNO 55 : C, 24.66 (24.31); H, 4.66 (4.38); N, 
0.93 (0.90). 
Results and Discussion 
> Synthesis 
Reaction of the Mn(OA0 2 4H20 and one equivalent of Br-mpH 3 in the 
presence of NaOMe in MeOH affords the mixed-valent ID polymer 
Na4[Mnm4Mn"20(QAC)6(Br-mp) 4(MeOH)4 } ( 16). The sodium ions are incorporated 
into the structure linking the metal octahedra together. The reaction of 
Mn(OAc)24H20 and one equivalent of H3tmp in the presence of NaN 3 in MeCN 
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affords the mixed-valent 2D polymer Na 3  [Mn" '5Mn"O(OAc)5(tmp) 4(N3)(H20)2} 
(17). Complex 17 contains an end-on azide ligand coordinated to one of the six Mn 
ions. The metallic skeletons of 16 and 17 are based on octahedra held together by a 
combination of Ac0 ligands and tripodal alkoxides. Reaction of MnBr24H 2 0 and 
one equivalent of 1 ­13thme in the presence of Et 3N in MeOH affords the mixed-valent 
[Mn"6Mn"402(thme)6Br4(MeOH)4J (18) whose metallic skeleton consists of an 
edge-sharing bioctahedron. 
Reaction of the metal triangle {Mn30(piv) 6(py)3 1.py and one equivalent of 
H3tmp in MeOH affords the mixed-valent 
[Mn1114Mn"802 (piv) 1 0(tmp)4(MeO)2(MeOH) 21 (19). If the reaction is repeated with 
H3thme, the analogous complex [Mn"4Mn"802(piv),o(thrne)4(MeO) 2(MeOH)2] (20) 
forms. Reaction of Mn(OAc) 2 4H20 with H4peol and Et3N in a ratio 4:1:4 affords the 
complex [Mn III 4Mn"802(OAc),o(Hpeol)4(MeO),(H 20)4} (21). If the latter reaction is 
repeated with H3thme and H 3tmp in rations 1:3:1, then the complexes 
[Mn" 14Mn"802(OAc), o(thme)4(MeO) 2(H20)41 (22) and 
[Mn"4Mn"802(OAc),o(tmp)4(MeO)2(H 20)2 ] (23) form, respectively. Reaction of the 
metal triangle [Mn30(O2CPh2) 6(py)3 ](C104) with one equivalent of H4peol in 
MeOH/MeCN and MeCN, affords the complexes 
[Mn ... 4Mn"802(O2CCPh2), o(Hpeol)4(MeO) 2(H20)2 1 (24) and 
[Mn"4Mn"802(O2CCPh2),o(J-Ipeol)4(OH)7(H20)2 1 (25), respectively. The remaining 
complex Na[Mn, 202(OAc), ,(Hpeol)4(MeO)(OH)(1-1 20)3J (26) was made by the 
reaction of the Mn(OAc) 2 4H20 and H4peol in the presence of NaOMe in 
MeOH/MeCN. Complexes 19-26 are all based on a central edge-sharing bioctahedral 
core [Mn III 4Mn"8(u4-O)2] with two peripheral Mn ions capping the two sides of 
bioctahedron. In contrast to complex 18, complexes 19-26 also incorporate 
carboxylates. Additionally, complex 26 consists of sodium ions that link the 
bioctahedra together. 
The Mn-oxgen core of complexes 19-26 resembles the structural motif found 
in early transition metal polyoxometalates and the octanuclear Ba clusters [Ba502] 12+ 
[Sr6Ba2O2]' 2  and [Ba8Eu2O2]' 2 , where the principle bridging ligand is also an 
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alkoxide group [5]. Similar cores are also found in the decanuclear complexes 
i 002Cl8(tmp)61, [(VO)2Fe8O2C16(tmp)6] and (NEt4)2 	i 002C18(thrne) 6] [6]. 
> Description of structures 
In this section, we describe eleven complexes (Table 5.1) based on octahedral 
and edge-sharing bioctahedral metal topologies varying in nuclearity from six to 
twelve, and ranging from single molecules (OD) to 3-13 polymers. 
Table 5.1. The formula, central core and crystal system of complexes 16-26. 
Crystal 
Complex Core System! 
Space Group 
Na4 [Mn60(OAc)6(Br-mp) 4(MeOH)4 ] (16) {Na4 [Mn ... 4Mn' 1 2(P,-0)] } Orthorhombic/Pbca 
Na3 [Mn60(OAc) 5(tmp)4(N 3 )(H 20)2 ] (17) (Na3 [Mn"5 Mn' '(u o-O)] ) Orthorhombic/Pbca 
[Mn 1002(thme)6Br4(MeOH)4 ] (18) [Mn 1 6Mn 1 4(u4-0)2] Monoclinic/P2 1/n 
[Mn 1202(piv) , o(tmp)4(MeO)2(MeOH)2 ] (19) [Mn' 14Mn 11 8(u4-0)2] Monoclinic /P2 1/c 
[Mn 1202(piv) 10(thme) 4(MeO)2(MeOH)2 ] (20) [Mn" 1 4Mn"8(u4-0)2 ] Monoclinic/C2/c 
[Mn 1202(OAc) 10(Hpeol)4(MeO)2(H20)4 1 (21) [Mn 1114Mn 11 8(u4-0)2] Monoclinic/112 1/n 
[Mn 120(0Ac), o(thme)4(MeO)2(H2O)4 ] (22) [Mn ... 4 Mn "8(/i.,-0),] Monoclinic/P2 In 
[Mn 1202(OAc) 10(tmp)4 (MeO)2(H20)2 ] (23) [Mn"4 Mn'8(u 4-0)2 ] MonocliniclP2 1/n 
202(02 CCPh 2 ) o(Hpeol)4(MeO)2(H20)2 ] (24) [Mn 4 Mn 11 8(u4-0)2 ] Orthorhombic/Pbca 
[Mn 1202(O2 CCPh 2) 10(Hpeol)4(OH)2(H 20)2 ] (25) [Mn 114 Mn 11 8(u1-0)2 ] Monoclinic/P2 1/c 
Na[Mn 1202(OAc) 1 1 (Hpeol)4(MeO)(OH)(H70) 3 ] (26) {Na[Mn m4 Mn 	(40)1 } Triclinic/Pi 	-- 
They can be divided into 2 main categories: the first (category I) describes a 
class based on [Mn 6] octahedra linked together by Na anions to form 1 -D chains and 
2-D sheets (complexes 16-17). The second category (II) describes eight edge-sharing 
bioctahedra and consist of a [Mn jo] complex (18) and a family of [Mn 12] capped 
edge-sharing bioctahedra (complexes 19-25). Complex 26 consists of a similar 
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metallic skeleton with the difference being the [Mn ] 2] units are linked together by 
Na ions forming a 1 -D chain. 
Na4 Mn6O(OAc)6(Br-mp)4(MeOH)41 (16) crystallizes in the orthorhombic 
space group Pbca (Figure 5.1; selected bond lengths and angles are given in Tables 
A.5.5-6). Table 5.2 lists the structural features common to category I complexes (16-
17). A crystallographically imposed 3-fold axis (in 16) runs through the central p6-
02 ion that is surrounded by an octahedron of four Mn" and two Mn" ions. The 
cluster consists of a core that describes a mixed-valent [Mn III  4Mn"2(u6-0)] 
octahedron, (Mnl, Mn2, Mn3, Mn4 = 3+, Mn5, Mn6 = 2+) (Figure 5.2). All six Mn 
ions are six-coordinate and are bonded to the p6-02 central oxide (026). The Mn 3 
ions display Jahn-Teller elongations (Mnl-017, 2.165 A; Mnl-040, 2.196 A; Mn2- 
Figure 5.1. The structure of 16 in the crystal. Colour scheme: Mn: purple; Na: light blue; 0: red; C: 
grey; Br: green. 
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026, 2.377 A; Mn2-037, 2.090 A; Mn3-026, 2.265 A; Mn3-015, 2.126 A; Mn4-
026, 2.304 A; Mn4-044, 2.129 A) and are marked as black Mn-0 bonds in Figure 
5.2: three are co-parallel (Mn 1, Mn3, Mn4) with the remaining one perpendicular to 
these (Mn2). The four Na ions are five- (Na9), six- (Na7, NalO) and seven-
coordinate, (Na8), each capping one triangular face of the [Mn 6] octahedron. 
Table 5.2. Structural similarities of category I complexes (16-17). 
Coordination 	 Coordination modes of 
modes of Acif 	 tripod 3-  
of 	#of 	#of 	#of 	#of 	#of 
Complex Ac0 	,':q':p 	t/ ' :1/ ' :p 	tripods 	q3:i/ 3:q2:uç  
16 	6 	4 	2 	4 	1 	 3 
17 	5 3 	2 	4 	3 	 1 
Core 
{Na4[Mn 14Mn 1 '2(u0)] 
{Na3[Mn ° '5Mn 11 (06-0)}} 
The four tripodal ligands are fully deprotonated, Br-mp 3 . Three bridge in a 
'7.7.!7:p5-fashion and one in a 3: 3 :1 2.p5-fash ion (Figure 5.3) spanning a trinuclear 
face of the octahedron and further bridging to the apical Na ions. The six Ac0 
ligands coordinate in two distinct ways: four in the usual il l .,:p-fashion bridging 
one Mn and one Na ion; and two in a '72.. 17 1 --P3-fashion bridging one Mn and two Na 
ions. The two latter Na ions (Na8, Na9) form {Na2(OAc) 2 } units (as shown in 
Figure 5.4) that link the [Mn4MnhT2(u6-0)} units together, propagating in a 1-D 
chain. The remaining coordination sites on the Na ions are completed by terminal 
MeOH molecules. 
There are a significant number of intra- and inter-molecular H-bonds. The 
Ac0 ligands are H-bonded to the terminal MeOH molecules on the neighbouring 
Na ion (0.. .0, -2.6-2.8 A) or to the MeOH solvate molecules (0.. .0, 2.75 A). 
Additionally, H-bonds forms between the Br - ions of the Br-mp3 ligands and the 
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formed by the acetate ligands and the terminal MeOH molecules of the neighbouring 
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Figure 5.2. The Mn-Na-O core of 16 (top): the Jahn Teller axes are shown with black Mn-O bonds. 
The central metal-oxide core (bottom left) and the metallic skeleton (bottom right). Colour scheme: 
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173:q3:q3:p6 17 
3:j73:q2:p5 
Figure 5.3. The coordination modes of Br-MP' and tmp 3 . Colour scheme same to Figure 5.1. 
(Na2 (AcO) 2] unit 
	 S 
I'-.,. • r\ 
_1k pç-• .' 
Li.. 
N( 
Figure 5.4. The polymeric I -D chain of 16 in the crystal. Colour scheme: Mn: purple; Na: light blue; 
0: red; C: grey; Br: green. 
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Na3 Mn6O(OAc)5(tmp)4(N3)(H20)21CH3CN (17) crystallizes in the 
orthorhombic space group Pbca (Figure 5.5; selected bond lengths and angles are 
given in Tables A.5.7-8). A crystal lographically imposed 3-fold axis runs through the 
central 96-02 ion which is surrounded by six Mn ions. The cluster consists of a core 
that describes a mixed-valent [Mn ill  octahedron, (Mnl, Mn3, Mn4, Mn5, 
Mn6 = 3+, Mn2 = 2+) (Figure 5.6). The one Mn2 ion (Mn2) is five-coordinate, 
while all five Mn3 ions are six-coordinate. The p6-02 ion can be regarded as pseudo-
octahedral given a long contact of 2.5 09 A to 01. The Mn3 ions display Jahn-Teller 
elongations (Mnl-01, 2.304 A; Mnl-015, 2.064 A; Mn3-032, 2.112 A; Mn3-033, 
2.132 A; Mn4-023, 2.098 A; Mn4-024, 2.109 A; Mn5-01, 2.324 A; Mn5-019, 
2.072 A; Mn6-NI, 2.116 A; Mn6-01, 2.300 A; marked as black bonds in Figure 
Figure 5.5. The structure of 17 in the crystal. Colour scheme: Mn: purple; Na: light blue; 0: red C: 
grey; N: blue. 
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5.6): four are co-parallel (Mn I, Mn3, Mn4, Mn6) with one perpendicular to these 
(Mn5). The three Na ions are six- (Na2, NO) and seven-coordinate (Nal). 
The four tripodal ligands are fully deprotonated, tmp 3 , three of them bridge 
in a 3:,3ai2.u5-fashion and one in a t13._)73.. 173 --N-fashion spanning a trinuclear face of 
the octahedron and further bridging to the apical Na ions (Figure 5.3). The five 
Ac0 ligands coordinate in two distinct ways: four in the usual ii':t:p-fashion 
bridging one Mn and one Na ion; and two in a t7 2..q':1u3-fashjon bridging one Mn and 
two Na ions. The Ac0 ligands bridge two Na ions from neighbouring 
{Na3[Mn 1115Mn"(p6 0)]} octahedral units forming {Na2(OAc)2} that link 
{Na3[Mn ... sMn"(j6O)]} moieties together into 2-D polymer propagated in three 
directions (Nal . . .Na3, Na3 ... Nal and Na2 ... Na2) as shown in Figure 5.7. The 
coordination spheres of Nal and NO are completed by terminally bound H20 
molecules, and there is an end-on-azide ligand bonded terminally to Mn6. 
There are a significant number of intra- and inter-molecular H-bonds. The 
Ac0 ligands are H-bonded to the terminal water molecules of the neighbouring Na 
ion (0.. .0, -2.8- 2.9 A). The latter are H-bonded to the N-atom of the MeCN solvate 
molecules (0.. .N, --2.8 A). In addition, there are H-bonds formed by the water 
molecules and the terminal end-on-azides of the neighbouring molecule (0.. .N, -3.0 
A) 
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W 	 Mn6 
Figure 5.6. The Mn-Na-O core of 17 (top): the Jahn Teller axes are shown with black Mn-O bonds. 
The central metal-oxide core (bottom left) and the metallic skeleton (bottom right). Colour scheme: 
Mn(lll): purple; Mn(lL): pink; Na: light blue; 0: red; N: blue. 
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Ob 
Figure 5.7. The 2-D polymer of 17 in the crystal. Colour scheme: Mn: purple; Na: light blue; 0: red; 
N: blue C: grey. 
tMn Io02(thme)6Br4(Me011)41 (18) belongs to category II, and crystallizes 
in the monoclinic space group P21 1n (Figure 5.8; selected bond lengths and angles 
are given in Tables A.5.9-10). The metallic skeleton describes a distorted edge-
sharing bioctahedron held together via two central 02  oxide ions resulting a 
[Mn"6Mn"4(u4-0)2] core (Mn I, Mn2, Mn3 = 3+; Mn4, Mn5 = 2+ and symmetry 
equivalent) (Figure 5.9). All six Mn3 ions are six-coordinate and display Jahn-Teller 
elongations (Mnl-04, 2.243 A; Mnl-040, 2.222 A; Mn2-0123', 2.343 A; Mn2-
0401, 2.163 A; Mn3-0123', 2.337 A; Mn3-0402, 2.160 A and s.e; marked as black 
bonds in Figure 5.9): four are co-parallel (Mn 1, Mn2 and s.e) with remaining two 
perpendicular to these (Mn3 and s.e). The Mn 2 ions are five-coordinate and bonded 
to the terminal Br ions (Mn4-Br4, 2.533 A; Mn5-Br5, 2.565 A and s.e). 
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Figure 5.8. The structure of 18 in the crystal. Colour scheme: Mn: purple; 0: red; C: grey; Br: green. 
The two distorted octahedra share an edge along the Mnl-MnI' vector. The 
two oxide ions can be described as four coordinate or pseudo-octahedral given the 
long contacts (Mn4-0123', 2.641 A; Mn5-0123', 2.5 14 A and s.e). The six tripodal 
ligands are full deprotonated, thme 3 . Four bridge in a 3 : 2: 2:p4 coordination mode 
spanning a triangular face of one octahedron and further bridging to the apical Mn 
site on the neighbouring octahedron; and the remaining two bridge in a 
mode across a 'free' triangular face of an octahedron. Four terminal methanol 
molecules complete the coordination spheres of Mn2, Mn3 and s.e. 
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L 	 . 
Figure 5.9. The Mn-O core of 18 (top): the Jahn Teller axes are shown with black Mn-O bonds. The 
central metal-oxide core (bottom left) and the metallic skeleton (bottom right). Colour scheme: 
Mn(111): purple; Mn(ll): pink; 0: red. 
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I 
Figure 5.10. The packing of the molecules of 18 in the crystal viewed down the c axis. 
There are a significant number of intra- H-bonds and short contacts. The 
terminal MeOH molecules that coordinate the Mn3 are H-bonded to the MeOH 
solvate molecules (0. . .0, 2.62 A), and the terminal MeOH molecules that 
coordinate to the Mn2 are H-bonded to the Bf ion of the neighbouring Mn ion (Mn2) 
(0... Br, 3.29 A). Additionally, H-bonds form between the thme 3 ligands and the 
MeOH solvate molecules (0.. .0, 2.73 A). The closest intermolecular MnMn 
distance is 7.3 A and the molecules of 18 pack in the commonly observed brickwall 
pattern (Figure 5. 10). 
The category II also describes a family of eight [Mn i 2]  complexes that consist 
of a metallic skeleton based on capped edge-sharing bioctahedra. Table 5.3 lists the 
structural features. 
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Table 5.3. Structural similarities of category II complexes (19-26). 
Coordination 
Coordination modes of modes of 
RCO2 tripod 3-  
#of #of 	#of 	of #of 	 of 
Complex RCO2 terminal 	q':P/':,u 	12:?11 :,u tripods 	,i3:p:?i2:ps Core 
19 10 - 	 8 	2 4 	4 [Mn 111 4Mn"8(u4-O)2J 
20 10 - 	 8 	2 4 	4 [Mn14Mn"8(u4..0)2] 
21 10 2 4 	4 4 	4 [Mn' 4Mn 8(u4-o)21 
22 10 2 	4 	4 4 	4 [Mn ... 4 Mn"8(u4-O)2 ] 
23 10 4 	4 	4 4 	4 [Mn4Mn8(urO)2] 
24 10 4 	6 	- 4 	4 [Mn' 4 Mn 8(u..0)2 1 
25 10 4 	6 	- 4 	4 [M n m4 M&t 8(p4 0)2] 
26 11 2 	2 	- 4 	4 {Na[Mnm4Mn8(prO)2]} 
Complex [MnI202(piv)10(tmp)4(MeO)2(MeOH) 2 1 (19) crystallizes in the 
monoclinic space group P2 1 1c (Figure 5.11; selected bond lengths and angles are 
given in Tables A.5.11-12). The cluster consists of a central [Mn"4Mn" 602 ] 20 core 
that can be described as two distorted octahedra (Mnl-Mn8, Mnlland Mn12) 
sharing an edge along the Mn3-Mn4 vector, and with two remaining Mn 2 ions (Mn9 
and Mn 10) each capping one face of the octahedra (Figure 5.12). The Mn3 ions 
(MO, Mn4, Mn8, Mn 11) are at the centre of the cluster, two occupying the apical 
positions (Mn8, Mn! 1) and two sharing the common edge of the octahedra (Mn3, 
Mn4). The two oxide ions can be described as four coordinate or pseudo-octahedral 
given the long contacts (Mn2-01, 2.797 A; Mn7-01, 3.296 A; Mn6-02, 2.879 A; 
Mn12-02, 3.293 A) giving the overall metal-oxygen core is [Mn ... 4Mn8(p 4-O)2]. All 
four Mn3  ions are six-coordinate and display Jahn-Teller elongations (Mn3-031, 
2.312 A; Mn3-043, 2.311 A; Mn4-024, 2.267 A; Mn4-042, 2.266 A; Mn8-0113, 
2.194 A; Mn8-02, 2.241 A; Mnll-017, 2.200 A; Mnll-01, 2.243 A and s.e; 
marked as black bonds in Figure 5.12); and all are co-parallel. The Mn 2 ions are 
five- (Mn2, Mn6), six- (MO, Mn9, MnlO, Mn12) and pseudo six- coordinate (Mnl 
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4. 
Figure 5.11. The structure of 19 in the crystal. Colour scheme: Mn: purple; 0: red; C: grey. 
and Mn4) having the long bonding distances 2.430 A and 2.359 A to the central 
oxides, 01 and 02, respectively. 
All four tripodal ligands are full deprotonated, tmp 3 . Each bridges in a 
73 :i73:172:p5 coordination mode spanning a triangular face of one octahedron and 
further bridging to the apical Mn site on the neighbouring octahedron and the 
peripheral face-capping Mn ions (Mn9, Mn 10). The latter are also each connected to 
the central octahedra by a ,u 3-OM& ligand (or by a 4u3-0H for 25 and by both for 26) 
and two i7'i 1 :p pivalate ligands (piv). The eight remaining carboxylates bridge in 
two different ways: two bridge the two Mn 2 ions in a 2:': 1u-fashion; and six in 
their usual ':':p-mode. Two terminal MeOH molecules complete the coordination 
sphere of the peripheral face-capping Mn ions (Mn9 and MnlO). 
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Figure 5.12. The Mn-O core of 19 (top): the Jahn Teller axes are shown with black Mn-O bonds. The 
central metal-oxide core (bottom left) and the metallic skeleton (bottom right). Colour scheme: 
Mn(1I1): purple; Mn(11): pink, 0: red. 
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Figure 5.13. The packing of the molecules of 19 in the crystal viewed down the c axis. 
The terminal MeOH molecules are H-bonded to neighbouring carboxylates 
(0.. .0, --2.77 A) on the same molecule and on neighbouring molecules (C ... 0, 
--3.16 A). The molecules of 19 pack in the commonly observed brickwall pattern in 
the crystal, with the closest intermolecular MnMn distance being 10.07 A between 
adjacent sheets and 6.21 A within the same sheet (Figure 5.13). 
Complexes 20-26 have structures analogous to 19 with the only differences 
being limited to the presence of different carboxylates (-RCO2 where R= CH 3 , 
C(CH3)3), tripodal ligands (tmp3 , thme3 , Hpeol3 ), symmetries/space groups (Table 
5.1 and Tables A.5.2-4) and in the identity of the terminaly bound ligands (two 
MeOH molecules in 19, 20 and 24; two H20 molecules in 23, 25 and 26; and four 
1120 molecules in 21-22). The differences in the coordination modes of the ten 
carboxylates are summarised in Table 5.3. 
NaIMn l202(OAc)II(ItpeoI)4(MeO)(OH)(1120)31 (26) crystallizes in the 
triclinic space group Pr (Figure 5.14) with the asymmetric unit containing a half 
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Figure 5.14. The structure of 26 in the crystal. Colour scheme: Mn: purple; 0: red; C: grey; Na: pale 
blue. 
cluster and two MeCN molecules of crystallization. Again the structure contains a 
face-capped [Mn 1 2] bioctahedra as in 19, but they are now linked together via Na 
ions into a 1-D chain (Figure 5.15). The Na+ ions are bonded to a total of six 
carboxylates (016, 020, 022 and s.e.) which each bridge to Mn6. 
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Figure 5.15. The Mn-O-Na core (top) and the polymeric 1-D chain (bottom) of 26 in the crystal. The 
black marked bonds (NU-0) indicate the Jahn-Teller axes. Colour scheme: Mn(III): purple; Mn(II): 
pink; 0: red; C: grey; Na: pale blue. 
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In all complexes, the oxidation states of the metal ions were assigned using a 
combination of bond length, charge balance considerations and BVS calculations 
(Table 5.4) [7]. 
Table 5.4. BVS calculations of complexes 16-19 
Complex 16 
MR] 3.28 3.02 2.97 3+ 	Mn4 3.22 2.97 2.94 3+ 
Mn2 3.38 3.12 3.06 3+ 	Mn5 2.29 2.11 2.07 2+ 
Mn3 3.27 3.03 2.99 3+ 	Mn6 2.24 2.07 2.03 2+ 
Complex 17 
Atom Mn24 Mn 3 Mn" Ox. 	Atom Mn" Mn3 MR 4+ Ox. 
Mnl 2.57 3.09 3.02 3+ 	Mn4 3.34 3.08 3.02 3+ 
Mn2 2.09 1.94 1.90 2+ 	Mn5 3.29 3.04 2.98 3+ 
Mn3 3.25 3.00 2.94 3+ 	Mn6 3.33 3.07 3.00 3+ 
Complex 18 
Atom Mn" Mn Mn 4 Ox. 	Atom 	In- 	Mn" 	Mn 4 	Ox. 
Mnl 3.35 3.09 3.03 3+ 	Mn4 	1.72 	1.58 	1.55 	2+ 
Mn2 3.36 3.09 3.04 3+ 	Mn5 	1.74 	1.60 	1.58 	2+ 
Mn3 3.36 3.10 3.04 
Complex 19 
Atom Mn 24 MR 3+ MR 4+ Ox. 	Atom Mn - ' Mn 3 MR 4+ Ox. 
Mnl 2.08 1.93 1.89 2± 	Mn7 1.99 1.84 1.80 2+ 
Mn2 - - 
- 2+ 	Mn8 3.34 3.08 3.02 3+ 
Mn3 3.39 3.12 3.06 3+ 	Mn9 2.10 1.94 1.90 2+ 
Mn4 3.36 3.01 3.04 3+ 	MnIO 2.06 1.90 1.86 2+ 
Mn5 2.13 1.97 1.93 2+ 	Mn] I 3.38 3.11 3.05 3+ 
Mn6 - - 
- 2+ 	Mn12 2.02 1.87 1.83 2+ 
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Magnetic Studies 
> Dc Magnetic Studies 
Variable temperature dc magnetic susceptibility data were carried out on 
powdered microcrystalline samples of 16 and 18-26 in a field of 0.1 T and in the 5-
300 K temperature range. The room temperature XMT value of 16 (Figure 5.16) is 
approximately 18.76 cm  K mol' and decreases steadily upon cooling to a value of 
approximately 5.45 cm  K mol -1 at 5 K. The %MT value expected for an uncoupled 
{Mn" 14M&'2J unit (g = 2.00) is approximately 23.5 cm 3  K mol', higher than the 
measured value at 300 K. This behaviour is indicative of dominant antiferromagnetic 
exchange interactions between the metal centres with the low-temperature value 
indicating relatively small, S 3, spin ground-state. 
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Figure 5.16. Plot of XMT vs Tfor complex 16 in the 5-300K temperature range in a field of 0.1 T. 
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Figure 5.17. Plot of XMT  vs T for complexes 18-23 in the 5- 300 K temperature range in a field of 0.1 
T. 
The room temperature XMT value of 18 (Figure 5.17) is approximately 27.29 
cm  K mol' and remains essentially constant as the temperature decreases until Ca. 
200 K (25.23 cm  K mor') where it then decreases rapidly to a value of 1.17 cm  K 
mol' at 5 K. The XMT value expected for an uncoupled [Mn"Mn" 4] unit (g = 2.00) 
is approximately 35.50 cm3  K mor', higher than the measured value at 300 K. This 
behaviour is again indicative of dominant antiferromagnetic exchange interactions 
between the metal centres with the low-temperature value indicating S = 0 spin 
ground-state. Also shown in Figures 5.17-18 are the XMT versus T plots for the family 
of eight [Mn 12] complexes which consist of the same metallic skeleton [Mn ... 4Mn"8] 
(complexes 19-26). The XMT value expected for an uncoupled [Mnm4Mnts]  unit (g = 
2.00) is approximately 47.00 cm  K mor', higher than the measured value at 300 K 
for all eight complexes. The room temperature XMT values of 19-23 are 
approximately 40.28, 39.88, 38.10, 37.76, 39.50 cm  K mor', respectively, and 
decrease steadily to 25.00, 25.29, 24.16, 23.35 and 24.62 cm  K mol' until Ca. 200 K 
where they then decrease rapidly to values of 9.37, 17.00, 10.09, 11.71 and 11.78 
CM  K moF' at 5 K. This behaviour is again indicative of dominant antiferromagnetic 
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Figure 5.18. Plot of the dc %A,Tvs. Tdata (.) for complex 24 in the 5.0 - 30 K temperature range, and 
the , T vs. Tdata in the 1.8 - 6.0 K range from ac susceptibility measurements (A). 
exchange interactions between the metal centres with the low-temperature values 
indicating relatively small (S = 4 ± 1) spin ground-states. 
The data for 24-26 are essentially identical, and in Figure 5.18 we show only 
the plot for 24. The XmT value for 24 steadily decreases from 31.4 cm 3 Kmoi' at 300 
K to 19.1 cm3Kmol at 20 K, and then decreases to 10.1 cm 3 Kmoi' at 5 K. The data 
strongly suggest predominantly anti ferromagneti c exchange interactions. 
Given the size and complexity of 16-26 (e.g. each of 19-26 contains eight 
Mn' and four Mn" ions with total spin values ranging from 0 to 28) it is not possible 
to apply the Kambe method to determine the individual pairwise exchange 
interaction parameters between the Mn ions. In order to determine the ground states 
of complexes 16, 18-26, variable temperature, and variable-field dc magnetization 
data were collected in the ranges 1.8-10 K and 0.1-7 T. The data were fitted by a 
matrix-diagonalization method to a model that assumes only the ground-state is 
populated, includes axial zero-field splitting (D :2), and carries out a full powder 
average [8]. The corresponding Hamiltonian is given by: 
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R= DS_ 2 +gui uo SH 
	
(1) 
where D is the axial anisotropy, PB is the Bohr magneton, p0  is the vacuum 
permeability, & is the easy-axis spin operator, and H is the applied field. 
For complex 18 no satisfactory fit of the data was possible since the 
magnetization rises almost linearly with applied magnetic field indicating the 
existence of a S 0 spin ground state, with the presence of many low-lying excited 
states of larger multiplicity that become populated with increasing field. For 
complexes 20-26 the fittings are essentially identical and again not very satisfactory 
(of poor quality) since there are many low-lying excited spin states lying close to the 
spin ground state. However, the best fit indicates S = 4±1. Low-lying excited states 
are a common problem in large clusters, particularly when there are multiple Mn 2 
ions present, as is the case here, since these give weak exchange interactions. 
Satisfactory fits were obtained for complexes 16 and 19: the data are plotted 
as reduced magnetization (MI/Vp8) versus HIT in (Figures 5.19-20). The best fit for 
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Figure 5.19. Plot of reduced magnetization (MIN4uR) vs HIT for 16. The solid lines are the fit of the 
data to anS=3 state with D-l.l2 cm - 1 and g= 1.97. 
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Figure 5.20. Plot of reduced magnetization (M/NPB) vs HIT for 19. The solid lines are the fit of the 
data toanS4 state with D=-O.36cm' and g= 1.91. 
1.12 cm'; for 19 the best fit obtained (again using only low field data 0.1 T <H < 
0.7 T) affords: S = 4, g = 1.91 and D = -0.36 cm'. When fields up to 7 Tesla were 
employed a poorer quality fit was obtained. This is characteristic of low-lying 
excited states with S values greater than the ground state. Clearly the g-value for 19 
is well below the expected value (i.e. 1.95-2.00) for such a complex and is a direct 
consequence of assuming only the ground state is populated. Table 5.5 summarises 
the magnetic data obtained for complexes 16-26. 
Ac Magnetic Studies 
In-phase (xM)  and out-of-phase (of) ac susceptibility measurements were performed 
on complexes 16-26 in the 1.8-15 K range in a 3.5 G ac field oscillating at 5-1000 









Chapter 5- Mn octahedra and edge-sharing bioctahedra" 
appear to be heading for x,/T 5 cm3 Kmol at 0 K (Figure 5.21), consistent with a 
small ground state spin value of S z 3, before a steeper drop at <3 K. This behaviour 
suggests the presence of excited states with larger S values. Frequency-dependent 
out-of-phase (Xm ac susceptibility peaks or signals are not seen below 
approximately 3 K, thus complex 16 is not a single-molecule magnet. In-phase (XAJ) 
(Figure 5.22) and out-of-phase (j) ac susceptibility measurements for 18 confirm 
that is an anti ferromagnetic complex with ground state spin value of S z 0. 
Table 5.5. S. g and D values were obtained from dc measurements for complexes 16-
26. 
Complex Core SG.S g 	D(cm') 
Na4 [Mn60(OAc)6(Br-rnp)4(MeOH)4 ] (16) [Mn ... 4 Mn"2 ] 3 1.97 	-1.12 
Na3[Mn6O(OAc) 5(tmp)4 (N 1 )(H 20)2 ] (17) [Mn"6M&'] - - 	 - 
[Mn 1002(thme)5 Br4(MeOH)4 ] (18) [Mn 6Mn 11 4 ] 0 - 	 - 
[Mn 1202(piv) 10(tmp)4(MeO)2(MeOH)2 ] (19) [Mn 111 4Mn 11 8] 4 1.91 	-0.36 
[Mn 1202(piv) 10(thme)4(MeO)2(MeOH)2 ] (20) {MnUI4Mnh!g] 4 2.16 	-0.90 
[Mn ]202 (OAc) 10(Hpeol)4(MeO) 2 (H 20)4] (21) [Mn 111 4 Mn" 8 ] 4 poor fitting 
1202 (OAc) 10(thme)4(MeO)2(H 20)4 1 (22) [Mn 111 4 Mn 8 ] 4 poor fitting 
[Mn 1202(OAc) 10(tmp)4(MeO)2(H 20)2] (23) [Mn 111 4 M&' 8 ] 4 2.00 	-0.42 
1202(02CCPh 2 ) 10(Hpeol)4(MeO)2(l-1 20)2 1(24) [M11 4 Mn"8 ] 4 poor fitting 
[Mn 1 202(O2CCPh2 ) 10(Hpeol)4(OH)2(H 20)2 ] (25) [Mn'4 Mn 8] 4 poor fitting 
Na[Mn 1202(OAc) 11 (Hpeo1)4 (MeO)(OH)(H 20)3](26) [Mn" 14Mn T1 8] 4 poor fitting 
The behaviour of complexes 19-26 is similar: below 10 K all show sloping 
lines with a slight decrease in XMT with decreasing temperature, suggesting the 
presence of excited states with larger S values. Extrapolation of the slopes to 0 K 
gives values of —9 cm  moE' K, suggesting spin ground states of S = 4±1, in 
agreement with the dc data. Frequency-dependent out-of-phase (") ac 
susceptibility signals are seen for all complexes (19-26) below approximately 3 K 
(Figure 5.23). The signals and peak maxima are observed along with a concomitant 
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decrease in the in-phase-signal. Both are suggestive of single-molecule magnetism 
behaviour - caused by the inability of 19-26 to relax quickly enough, at these 
temperatures, to keep up with the oscillating field. 
> Single-Crystal Hysteresis Studies 
In order to probe the possible SMM behaviour further, single-crystal magnetization vs 
applied dc field sweeps were performed for complexes 19-26 at various field sweep 
rates and temperatures using a micro-SQUID apparatus [9]. The obtained data for all 
complexes are somewhat similar and for the sake of brevity we present in Figure 5.24 
only the data for 24-26. Hysteresis loops were observed whose coercivity was strongly 
temperature and sweep rate dependent, increasing with decreasing temperature and 
increasing field sweep rate, as expected for the superparamagnetic-like behaviour of a 
SMM. Both 24 and 26 exhibit broad, poorly-resolved steps due to quantum tunnelling 
of magnetization (QTM), and 25 none at all, probably due primarily to step-broadening 
effects from the low-lying excited states, as well as distributions of local environments 
owing to ligand and solvent disorder, and (particularly for 25) weak intermolecular 
interactions [3,4,10]. Magnetization vs time decay data were collected on 26, which 
has the slowest relaxation at zero field, and used to construct an Arrhenius plot (Figure 
5.25); fitting of the thermally-activated region to the Arrhenius equation t = to 
exp(Uetp'kT) gave Ueff = 13.9 K and o = 1.4 x 10.8  s, where Uff is the effective 
magnetization relaxation barrier. 
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Figure 5.21. Plot of the in-phase (as XMl)  and out-of-phase (XM ) ac susceptibility signal versus 
temperature for complex 16. 
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Figure 5.22. Plot of the in-phase (as )T) ac susceptibility signal versus temperature for complex 18. 
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Figure 5.23. Plot of the in-phase (as XAI  7) (top) and out-of-phase (M ) ac susceptibility signal 
(bottom) vs. temperature for complex 19. 
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Figure 5.24. Single crystal magnetisation (M) versus field (H) hysteresis loops for complexes 24 
(top), 25 (middle) and 26 (bottom) at the indicated field sweep rates and temperatures; the 
magnetisation is normalised to its saturation value (Ms). 
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Figure 5.25. Arrhenius plot for 26; the dashed line is the fit of the thermally-activated region to the 
Arrhenius equation. 
Conclusions 
In conclusion, the combination of a reductive aggregation route with tripodal 
alcohols has led to the formation of a family of eleven new clusters with unusual 
cores: two octahedral polymers, complexes 16 and 17 being I -D and 2-D polymers, 
respectively; and nine edge-sharing bioctahedra: 18-26 of which complexes 19-26 
are a new family of MnUI4Mn h 1 8  SMMs. Complex 26 has a chain-like structure, 
although intermolecular interactions are not expected to be strong through the 
diamagnetic Na ion, and the complex is magnetically not dissimilar to 19-25. 
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Conclusions 
Thegoal of the project was successfully completed, resulting in the synthesis 
of twenty-five novel manganese clusters (using tripodal ligands) whose topologies 
are based on shared triangular [Mn 3 ] units. Some of these complexes behave as 
SMMs and five display an enhanced magnetocaloric effect (MCE) and have great 
potential as efficient magnetic refrigerants in low temperature applications. 
A family of hexanuclear (and one dodecanuclear) mixed-valent, rod-like Mn 
complexes (1-7): [Mn 6(OAc)6(H2tea)2(tmp)2] (1), [Mn6(OAc) 6(H 2tea) 2(thme)2] (2), 
[Mn6(OAc)6(H2tea) 2(Hpeol)2] (3), [Mn6(acac) 4(OAc)2(Htmp)2(aep) 2] (4), 
[Mn6(OA08(tmp) 2(py)4] (5), [Mn6(OAc)8(thme)2(py) 4] (6), 
[Mn 12(Hthme) 8(thme) 2(py)2Br8] (7), whose structures are all based on edge-sharing 
triangles were synthesized. Magnetic studies reveal an important counter -
complementarity effect which is responsible for a 'switch' in ground state from S = 0 
to S = 4 (for the hexanuclear complexes). 
Rare examples of high-nuclearity "wheel-like" structures (8-10): 
[Mn1602(OMe)J2(tMP)8(OAc)Io] (8), [Mn2206(OMe) 1  4(OAc), 6(tmp)8(HIm)2] (9), 
[Mn2206(OMe) 1 4(OAc) 16(Br-mp) 8(HIrn)2] (10) were made. The former (8-10) are 
amongst the largest nuclearity and highest spin Mn SMMs known - indeed the S = 14 
ground state displayed by 8 is the largest seen for any Mn wheel. 
Intial investigation of the coordination chemistry of ampH2 and the closely 
related aepH2 and 1-L4peol ligands have afforded beautiful and unusual mixed-valent 
decametallic Mn supertetrahedra: [Mn, oO 4Br4(amp)6(arnpH 2 )3 (HarnpH 2)]Br3 (11), 
[Mn,004(OH) 1 .8122(amp)6(ampH2)(HampH 2)3 ]1 5 (12) and a family of deca- and 
tetradecametallic "planar-discs": [Mn, o(OH)6(amp) 4(ampH)4 14 (EtOH)4] 14 (13), 
[Mnio(OH)6(aep)4(aepH)414(EtOH)4114 (14), 
[Mn 14(OH)2(Hpeol)4(H2peol) 614(EtOH)6]14 (15). Complexes 11-13 are the first 
characterised Mn clusters (and extremely rare examples of any transition metal 
clusters) containing the amp 2-  ligand. Magnetic studies reveal complexes 11-14 to 
possess extremely large spin grounds state of S = 22 as a result of dominant 
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ferromagnetic exchange interactions between the metal centres; thus joining a select 
band of molecules displaying this unusual combination. All five complexes show an 
enhanced magnetocaloric effect: 11-12 as a result of negligible zero-field splitting of 
the maximum possible ground state; 13-15 as a result of possessing a high spin-
degeneracy at finite low temperatures. The investigation of novel molecular clusters 
with a high spin-degeneracy at finite low temperatures opens the way to important 
improvements in the NICE of molecular complexes, and this ultimately facilitates 
their use in magnetic cooling applications. To this end the complexes above are the 
very best cooling refrigerants for low-temperature applications. Furthermore they 
suggest a new synthetic strategy for obtaining novel molecules with even larger 
MCE: the introduction of ions (and ligands) that will promote weak ferro- or 
ferrimagnetic interactions leading to high spin ground states and easily accessible 
(low-lying), degenerate, excited states with large S-values. 
The combination of a reductive aggregation route with tripodal alcohols led 
to the formation of a family of eleven new clusters with unusual cores: two 
octahedral polymers: Na4[Mn60(OAc)6(BrmP)4(MeOH)41 (16) and 
Na3 [Mn60(OAc)5(tmP)4(N3)(H20)2 (17) (1-D and 2-D polymers) respectively; and 
nine edge-sharing bioctahedra: i 0O2Br4(thme)6(MeOH)41 (18), 
1202(piv)10 
(tmp)4(MeO)2(MeOH)21 (19), [Mn]202(piv)lo(thITle)4(Me0)2(MeOFT)2] (20), [Mn
1 2 
02(OAc)i 0(Hpeol)4(MeO)2(H2O)41 (21), i 202(OAc)i 
0(thme)4(MeO)2(H2O)4] (22), 
202(OAc)1 o(tmp)4(MeO)2(H20)41 	(23) 1 	 1 
202(O2CCPh2)io 
(Hpe0l)4(MeO)2(H20)21 (24), i 202(O2CCPh2) 10(Hpeol) 4
(OH)2(H20)2] (25); and a 
bioctahedral polymer: Na[Mni 202(OAc)ii(HpeOl)4(MeO)(OH)(H20)31 (26) of which 
complexes 19-26 are a new family of Mn 
III  4Mn"8 SMMs. 
In conclusion, studies of the magnetic properties of 1-10 and 16-25 show that 
5, 6, 8-10 and 19-26 are SMMs displaying beautiful and unusual structures, whilst 
complexes 11-15 display an enhanced magnetocaloric effect (MCE) being the best 
ever reported magnetic refrigerants at low temperatures, introducing a new area of 
research which looks very promising for real near-future application. 
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